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 Almost all aspects of life are engineered at the molecular level, 
and without understanding molecules we can only 
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Bone morphogenetic proteins (BMPs) are multifunctional growth factors belonging to 
the transforming growth factor β (TGFβ) superfamily with a central role in bone formation 
and mineralization. BMP2, a founding member of this family, has demonstrated remarkable 
osteogenic properties and is clinically used to promote bone repair and fracture healing. Lack 
of basic data on factors regulating BMP2 expression and activity have hampered a better 
understanding of its role in bone formation and bone-related diseases. The objective of this 
work was to collect new functional data and determine spatiotemporal expression patterns in a 
fish system aiming towards a better understanding of BMP2 function and regulation. 
Transcriptional and post-transcriptional regulation of gilthead seabream BMP2 gene was 
inferred from luciferase reporter systems. Several bone- and cartilage-related transcription 
factors (e.g. RUNX3, MEF2c, SOX9 and ETS1) were found to regulate BMP2 transcription, 
while microRNA 20a was shown to affect stability of the BMP2 transcript and thus the 
mineralogenic capacity of fish bone-derived host cells. The regulation of BMP2 activity 
through an interaction with the matrix Gla protein (MGP) was investigated in vitro using 
BMP responsive elements (BRE) coupled to luciferase reporter gene. Although we 
demonstrated the functionality of the experimental system in a fish cell line and the activation 
of BMP signaling pathway by seabream BMP2, no conclusive evidence could be collected on 
a possible interaction beween MGP and BMP2. The evolutionary relationship among the 
members of BMP2/4/16 subfamily was inferred from taxonomic and phylogenetic analyses. 
BMP16 diverged prior to BMP2 and BMP4 and should be the result of an ancient genome 
duplication that occurred early in vertebrate evolution. Structural and functional data 
suggested that all three proteins are effectors of the BMP signaling pathway, but expression 
data revealed different spatiotemporal patterns in teleost fish suggesting distinct mechanisms 
of regulation. In this work, through the collection of novel data, we provide additional insight 
into the regulation, the structure and the phylogenetic relationship of BMP2 and its closely 
related family members. 
 
Keywords: bone morphogenetic proteins (BMPs), BMP signaling pathway, matrix Gla 
protein (MGP), transcriptional and posttranscriptional regulation, molecular phylogeny, gene 




O sistema esquelético confere suporte e proteção ao organismo, permite o 
armazenamento de minerais e desempenha funções hematopoiéticas. Um dos seus principais 
componentes é o osso, um tecido conectivo especializado e constituído por uma matriz 
extracelular extensamente mineralizada. O processo de mineralização envolve mecanismos 
extremamente complexos que estão sujeitos a um rigoroso controlo a nível molecular, no qual 
estão envolvidas várias proteínas responsáveis pela diferenciação celular e pela síntese de 
matriz extracelular. Dentro deste conjunto de proteínas, destacam-se alguns fatores de 
crescimento essenciais ao mecanismo de mineralização tecidular, como é o caso das proteínas 
morfogenéticas do osso (BMPs). As BMPs pertencem à superfamília de fatores de 
crescimento de transformação β (TGFβ) e estão envolvidas em vários processos durante a 
embriogénese, organogénese, proliferação e diferenciação celular e mecanismos de formação 
óssea. Atualmente estão descritos e caracterizados mais de vinte membros pertencentes a esta 
família, que foram divididos em várias subfamílias, de acordo com a semelhança da estrutura 
primária das suas proteínas. A subfamília BMP2/4/16 à qual pertence a BMP2 foi uma das 
primeiras a ser identificada e caracterizada. A BMP2 é uma das proteínas que possui uma 
maior capacidade osteogénica e é, desde há muito tempo, considerada um potencial agente 
terapêutico para o tratamento de doenças relacionadas com o osso, sendo mesmo utilizada em 
alguns casos clínicos de fraturas ósseas. O conhecimento dos processos de formação óssea, 
bem como os mecanismos de regulação da BMP2, são por isso de extrema importância para 
uma  melhor compreensão dos processos subjacentes ao desenvolvimento e progressão de 
algumas doenças ósseas. Assim, a BMP2 tem sido alvo de vários estudos, quer a nível de 
conhecimento da sua função, quer a nível de mecanismos de ação e processamento. Sabe-se 
que a BMP2 é uma proteína secretada para a matriz extracelular onde, através de um 
mecanismo de sinalização molecular, é responsável pela regulação de vários processos. O 
mecanismo de sinalização inicia-se quando dímeros de BMP2 se ligam aos respetivos 
recetores, presentes na superfície da célula, ativando assim uma cascata de sinalização 
molecular. Através de diferentes intermediários intracelulares, envolvidos na cascata de 
sinalização, a BMP2 é responsável pela regulação transcricional de vários genes-alvo. No 
entanto, e apesar dos vários estudos que foram feitos nesta área, o conhecimento existente 
acerca deste assunto é ainda bastante escasso. Neste sentido, o objetivo principal deste 
trabalho foi a recolha de novos dados funcionais e estruturais, que permitam uma melhor 
compreensão da função da BMP2. Para tal, e de modo a complementar o conhecimento 
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existente, utilizámos o peixe como modelo alternativo aos sistemas de mamíferos. O peixe é 
atualmente reconhecido como um modelo válido para estudos do esqueleto de vertebrados 
para o qual existem já várias ferramentas que permitem análises in silico, in vitro e in vivo. 
Este trabalho envolveu o estudo da regulação do gene da BMP2 de dourada, tanto a nível 
transcricional como a nível pós-transcricional. Numa primeira fase, foram identificados 
potenciais reguladores transcricionais da BMP2 de dourada, através da análise in silico da 
região reguladora do gene. Dentro dos potenciais reguladores transcricionais, foram 
identificados vários fatores de transcrição com funções descritas ao nível do osso e da 
cartilagem, nomeadamente o RUNX3, SOX9, MEF2C e ETS1, que foram posteriormente 
testados a nível funcional através de ensaios repórter de luciferase. Em paralelo, no decorrer 
da caracterização de reguladores pós-transcricionais da BMP2, através da análise da região 3’ 
não traduzida (3’UTR) do seu mRNA, foi possível identificar um local de ligação para o miR-
20a, conservado ao longo da evolução. A fim de melhor compreender os mecanismos de ação 
da BMP2, neste trabalho investigámos também possíveis parceiros desta proteína. A 
caraterização da interação entre a BMP2 e a proteína Gla da matriz (MGP), um conhecido 
inibidor da calcificação, foi avaliada através do uso de um sistema de elementos de resposta 
às BMPs, acoplado a um gene repórter, a luciferase. Embora tenhamos demonstrado a 
funcionalidade do sistema através da ativação do mecanismo de sinalização celular pela 
BMP2 de dourada, não foram obtidos dados conclusivos no que diz respeito à interação entre 
a BMP2 e a MGP. Finalmente, abordamos o aspecto evolutivo dos membros da subfamília 
BMP2/4/16 através da análise da sua distribuição taxonómica entre vários organismos 
vertebrados, bem como as relações filogenéticas existentes entre os vários membros desta 
subfamília. Foi demonstrado que a BMP16 divergiu antes da BMP2 e BMP4 na linhagem dos 
vertebrados e foi, provavelmente, o resultado de uma duplicação genómica que terá ocorrido 
ancestralmente. Dados estruturais sugerem uma conservação funcional das três proteínas, 
facto que foi confirmado pela capacidade de ativação dos mecanismos de sinalização das 
BMPs. No entanto, e apesar da conservação ao nível da região codante dos genes das BMP2, 
BMP4 e BMP16, as regiões não traduzidas são substancialmente diferentes, apontando para 
uma regulação diferencial dos três genes, como é aliás sugerido pelos distintos padrões de 
expressão observados para a BMP2, BMP4 e BMP16, tanto em linguado como em peixe 
zebra. 
Ao longo deste trabalho foram recolhidos novos dados que permitem uma melhor 
compreensão da função e regulação da BMP2. Foram igualmente obtidas informações 
relevantes acerca da filogenia molecular dos membros da subfamília das BMP2/4/16 que 
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contribuíram para uma melhor compreensão e interpretação da complexa história evolutiva 
desta subfamília. No seu conjunto, os resultados deste trabalho contribuem para uma 
validação do uso dos peixes como um modelo alternativo na investigação de mecanismos 
moleculares envolvidos no processo de mineralização tecidular. 
 
Palavras-chave: proteínas morfogenéticas do osso (BMPs), proteína Gla da matriz 
(MGP), Mecanismo de sinalização das BMPs, regulação transcricional e pós transcricional, 
filogenia molecular, padrões de expressão genética, modelação da estrutura proteica 
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This thesis is divided into five chapters and a list of references. The first chapter 
presents information useful to the understanding of the data collected within the scope of this 
work, as well as a short description of our objectives. The second chapter addresses the 
regulation of BMP2 gene expression at transcriptional and post-transcriptional levels and is 
based on manuscripts submitted to Gene and published in the Archives of Biochemistry and 
Biophysics, respectively. Our attempt to get insights into the residues/domains involved in 
BMP2-MGP interaction is described in the third chapter (unpublished data). A comparative 
analysis of BMP2, BMP4 and BMP16 subfamily members giving a molecular and an 
evolutionary perspective to this work is presented in the fourth chapter, which is based on 
manuscripts published in the Journal of Applied Ichthyology and submitted to Cellular and 
Molecular Life Sciences. Finally, chapter five gathers the main conclusions drawn from the 
data presented in this thesis and presents perspectives for future works. In order to have a 
better contextualization, a preamble with a brief description of the objectives of the work will 
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CHAPTER 1. GENERAL INTRODUCTION 
1.1 Bone formation and function 
Bone is a dense connective tissue that forms part of the vertebrate endoskeleton (it is 
also present in turtle and armadillo exoskeletons). It is composed by an organic collagenous 
matrix (mainly type I collagen) extensively mineralized with an inorganic hydroxyapatite 
lattice (calcium/phosphate mineral) that together contributes to bone elasticity (although to a 
limited extent) and stiffness. Bone serves multiple functions such as body support, 
locomotion, internal organ protection, calcium and phosphorus storage and balance, growth 
factor production and, in mammals, bone is also the primary hematopoietic organ 
(Kronenberg, 2003; Pirraco et al., 2010; Rameshwar and Stegemann, 2013). Recently, the 
function of endocrine organ has also be assigned to bone through the secretion of osteocalcin 
which regulates glucose homeostasis and male fertility in mice (Karsenty and Oury, 2014) 
Bone formation occurs through two distinct processes: (1) intramembranous 
ossification, where bone is formed directly from connective tissue: mesenchymal cells 
aggregate and differentiate into osteoprogenitor cells then into osteoblasts, and produce a 
matrix rich in type I collagen (osteoid) that will later mineralize to form for example head 
bones (e.g. skull flat bones and jaw; Karsenty, 2003); (2) Endo/perichondral ossification, 
where mesenchymal cells aggregate and differentiate into chondrocytes that produce a matrix 
rich in type II collagen. After matrix enlargement, chondrocytes become hypertrophic and 
synthesize a matrix rich in type X collagen; once hypertrophic chondrocytes have produced a 
net of blood vessels (by secreting vascular growth factors), recruited chondroclast 
(responsible for collagen matrix degradation) and directed adjacent cells to become 
osteoblasts, they undergo apoptotic cell death. The cartilaginous matrix left behind will 
provide a scaffold for the mineral deposition by the bone cells (reviewed in Kronenberg, 
2003).  
There are three main types of cells in bone (Mackie, 2003; Fig. 1.1): (1) Osteoblasts 
(bone forming cells), which are specialized mesenchymal cells that undergo a maturation 
process where transcription factors such as Runt related factor 2 (RUNX2) and Osterix (OSX 
or SP7) play a determinant role. Osteoblasts are found on bone surfaces and are responsible 
for the deposition of the osteoid, an unmineralized matrix that will gradually mineralize to 
form bone. 2) Osteocytes, which are osteoblasts that differentiate into interconnected star-
shaped cells when they get entrapped within the mineral matrix. Osteocytes are the most 




















remodeling (by secreting factors that regulates the activity of both osteoblasts and 
osteoclasts); Osteoblasts have also the ability to regulate osteoclast bone resorption activity, 
through the secretion of specific factors such as receptor activator of NF-kappa-B ligand 
(RANKL) and osteoprotegerin (OPG), recognized by osteoclasts; (3) Osteoclasts (bone 
resorbing cells), which are large multinucleated cells with origin in the monocyte-macrophage 
lineage. They result from the fusion of mononuclear osteoclasts and are responsible for bone 
resorption through the secretion of hydrolytic enzymes (cathepsin K and matrix 
metalloproteinases) and the acidification of the resorption compartment, responsible for the 
dissolution of the organic matrix and consequent release of bone minerals. After completing 
their function osteoclasts undergo apoptosis; this is a control mechanism to avoid excessive 
bone resorption (Dallas et al., 2013; Pirraco et al., 2010; Nakamura et al., 2012; Caetano-
Lopes et al., 2007).  
 
 
Figure 1.1. Schematic representation of bone cells involved in bone remodeling. Osteocytes (star-
shaped yellow cells) are embedded within the mineralized bone matrix and connected through a 
complex network of cytoplasmic extensions inside lacunae and canaliculi. They are actively involved 
in bone turnover through the recruitment of bone forming cells (osteoblasts; blue) and bone resorbing 
cells (osteoclasts; pink). Bone remodeling can be influenced by a variety of factors, such as mechanic 
stress, structural damage or exposure to systemic or paracrine factors. Haematopoietic cells of the 
monocyte/macrophage lineage differentiate into mature osteoclast and resorb bone. During the 
reversal phase, osteoprogenitors are recruited to the site of resorption, differentiate and secrete the 
osteoid that will mineralize and form new bone. Adapted from Nicholls et al., 2012 by Vincent Laizé. 
 
Depending on the presence or absence of osteocytes, bone can be classified as 
cellular/osteocytic bone or acellular/anosteocytic bone, respectively (Horton and Summers, 



















osteichthyans, while anosteocytic bone is restricted, with few exceptions, to the skeleton 
elements of advanced teleosts (Meunier and Huysseune, 1992; Cohen et al., 2012; 
Kranenbarg et al., 2005). Although they lack osteocytes, responsible for directing bone 
remodeling by regulating both osteoblasts and osteoclast functions, acellular bones are still 
metabolically active and capable of resorbing, remodeling and responding to mechanical 
stimuli (Dallas et al., 2013; Witten and Huysseune, 2009; Shahar and Dean, 2013). 
 
 
Figure 1.2 Main differences between osteocytic and anosteocytic bone. Osteocytes (star-shaped 
yellow cells), embedded in bone matrix are only present in osteocytic bone. In organisms that possess 
anosteocytic bone, osteoclasts (pink) are usually mononucleated and have a limited capacity of bone 
resorption, creating a shallow lacunae, contrasting with the giant multinucleated cells found in 
osteocytic bone which produce a deep resorption lacunae. Bone forming cells (osteoblasts) and bone 
lining cells are depicted in blue and green, respectively. Adapted from Witten and Huysseune, 2010 by 
Vincent Laizé. 
 
Throughout adult life, and in order to maintain skeletal integrity, the skeleton undergoes 
continuous remodeling. Bone remodeling is an active and dynamic process and relies on the 
correct balance between bone resorption by osteoclasts and bone formation by osteoblasts 
(Crane and Cao, 2014). Osteocytes are also central to bone remodeling by orchestrating the 
function of osteoblasts and osteoclasts (Bellido, 2014). Bone remodeling is composed of three 
main phases: (1) the activation phase, where different stimuli (micro-fractures, alteration of 
mechanical load or the release of some factors – e.g. insulin growth factor-I (IGF1), tumor 
necrosis factor-α (TNF-α) and parathyroid hormone (PTH) – to bone microenvironment) lead 
to the activation of the lining cells (resting osteoblasts) that will increase the expression of 




















osteoclasts resorb bone by acidifying bone matrix and secreting proteases that will be 
responsible for the degradation of the organic matrix of bone; (3) The formation phase starts 
when growth factors stored in bone – fibroblast growth factors (FGFs), transforming growth 
factors (TGFs) and bone morphogenetic proteins (BMPs) – are released upon bone matrix 
degradation and trigger the recruitment of osteoblasts into the area of bone resorption. Active 
osteoblasts will produce an unmineralized bone matrix (osteoid) and achieve bone remodeling 
through the mineralization of the osteoid (reviewed in Rucci, 2008). In order to maintain bone 
homeostasis, the remodeling process has to be spatially and temporally controlled and 
members of the TGFß protein superfamily are central to this process (Crane and Cao, 2014). 
 
1.1.1 Bone morphogenetic proteins 
Bone morphogenetic proteins constitute the largest family of the transforming growth 
factor β (TGF-β) superfamily and are one of the main classes of multi-faceted secreted factors 
that drive vertebrate development (Schmierer and Hill, 2007). BMPs were first identified due 
to their capacity to induce bone formation (Urist, 1965) but they are now known to be 
involved in several other non-osteogenic processes, including, cell growth, differentiation, 
matrix production and embryonic development (Gordon and Blobe, 2008); due to their wide 
range of functions some authors proposed that they should be renamed as Body instead of 
Bone morphogenetic proteins (Horbelt et al., 2012). 
BMPs are synthetized as large precursors composed of a signal peptide, which is 
responsible for protein secretion, a propeptide involved in protein dimer formation and 
stabilization and a mature peptide, which is the active form of the protein (Shimasaki et al., 
2004); after removal of the signaling peptide, pro and mature peptides undergo dimerization 
and are sequentially processed into the dimeric mature biological active form by members of 
the subtilisin-like pro-protein convertases (SPCs) family, that recognize the optimal RXR/KR 
or the minimal RXXR sequences (Constam and Robertson, 1999; de Caestecker, 2004). The 
mature and biological active form of the protein is then secreted into the extracellular 
compartment. BMP secretion as a prodomain-mature complex has also been reported and may 
function as an additional regulatory mechanism, by inhibiting the binding of the protein to its 
receptor (Brown et al., 2005; Israel et al., 1992; Liao et al., 2003; Sengle et al., 2008; Wang et 
al., 1990). 
Members of the BMP subfamily can be distinguished from other members of the TGFβ 



















of these cysteines are involved in the formation of three disulfide bridges which are 
responsible for the folding of the molecule into a unique three-dimensional structure called a 
cystine knot, while the remaining cysteine is involved in the formation of a disulfide bridge 
connecting BMP monomers (Shimasaki et al., 2004; Fig. 1.3).  
 
 
Figure 1.3. Schematic representation of the cysteine knot 
structure. The six cysteines involved in the knot are labeled 
from C1 to C6. Cysteines C2 and C3 form disulfide bridges 
(dashed line) with cysteines C5 and C6, respectively, thus 
forming a ring. The ring in penetrated by the third disulfide 
bridge formed between cysteines C1 and C4. Amino acids 
chains between C1 and C2 and between C4 and C5 form 
finger-like projections, while the amino acids between C3 
and C4 form a helical structure designated by heel. The 
additional cysteine, involved in covalent dimer formation is 
localized in front of C4 (not represented). G represents a 
glycine residue and X represents any residue that is not 
glycine or cysteine. Adapted from Vitt et al., 2001. 
 
In vitro studies and co-purification of BMPs from tissue extracts evidenced the 
formation of heterodimers of BMPs, which, in some cases, generated a stronger signal than 
the one observed from respective homodimers (Aono et al., 1995; Katagiri et al., 2013; 
Suzuki et al., 1997; Wozney et al., 1988). Signaling by BMPs is mediated through the binding 
of homo/hetero-dimers to BMP receptors (BMPR type I and II) present on the cell surface and 
through the intracellular cascade of events responsible for signal transduction (Marcellini et 
al., 2012). This process has been remarkably conserved from invertebrates to mammals and 
all the steps of the pathway are tightly regulated at different levels (Gordon and Blobe, 2008). 
Alterations to normal signaling function, including either germ-line or somatic mutations or 
changes on gene expression, are often related to developmental disorders, vascular diseases 
and cancer (Gordon and Blobe, 2008). 
Until now, four type I receptors – BMPR1A, BMPR1B, activin receptor-like kinase 
(ALK) 1 and 2 – and three type II receptors – BMPR2 and type IIA and IIB activin receptors 
(ActR2A and Actr2B) – have been described to bind BMPs (Tian and Liu, 2013). They have 
a very flexible oligomerization pattern and BMPs have at least two different options to initiate 
signal transduction: (1) bind to preformed BMPR1-BMPR2 complexes, inducing 
conformational changes that will activate the complex and initiate the signal, or (2) bind first 



















(BMPR2) into the ligand-mediated signal complex (Nohe et al., 2002). Depending on the type 
of receptor oligomerization and on the different combination of ligands and receptors, 
different cellular processes and pathways can be activated, allowing a remarkable diversity of 
BMP signaling (Derynck and Zhang, 2003; Nohe et al., 2004). Furthermore and to increase 
complexity, BMP signaling can be fine-tuned at different levels: extracellularly by agonists 
and antagonists that can modify ligand activity, and intracellularly by intermediates that can 
mediate the crosstalk between different signaling pathways and enhance or inhibit 
downstream signaling events (Morikawa et al., 2013). 
The canonical BMP signaling pathway is activated upon binding of BMP dimers to the 
high affinity type I receptors, then low affinity type II receptors are recruited and activate type 
I receptors by phosphorylating specific serine and threonine residues (Fig. 1.4). Activated 
type I receptors elicit the phosphorylation of intracellular receptor-regulated SMADs (R-
SMAD/SMAD1, 5 and 8; SMAD is the contraction of SMA (small body size gene) and MAD 
(mothers against decapentaplegic gene), homologs of vertebrate SMAD proteins in 
Caenorhabditis elegans and Drosophila melanogaster, respectively) that will form a trimeric 
complex with the common-mediator SMAD (Co-SMAD/SMAD4). The complex will be 
subsequently translocated into the nucleus where, after interaction with transcription factors, 
it will regulate the transcription of target genes (e.g. inhibitor of DNA binding 1 (ID1), 
RUNX2, jun B proto-oncogene (JUNB); Locklin et al., 2001; Marcellini et al., 2012). 
Inhibitory SMADs (I-SMADs) are responsible for inhibiting BMP signaling by competing 
with R-SMADs for type I receptors, blocking their recruitment and subsequent 
phosphorylation, forming a feedback loop mechanism (Imamura et al., 2013). 
While the SMAD-dependent pathway is the preferred pathway of BMP signaling, other 
pathways such as TAK1/p38 mitogen-activated protein kinase (MAPK), Erk MAPK, c-Jun N-
terminal kinase (JNK) and the LIM kinase 1 pathways, have been associated with BMP signal 
transduction (Ramel and Hill, 2012; Nohe et al., 2002). Although mechanisms of activation of 
these pathways by BMPs are poorly understood, possible crosstalk with the SMAD-
dependent pathway have been proposed (Broege et al., 2013; G Chen et al., 2012). Crosstalk 
between intermediates of SMAD-dependent and -independent pathways can trigger 
























Figure 1.4. Schematic representation of SMAD-dependent and SMAD-independent BMP signaling 
pathways. Depending on receptor oligomerization, BMPs can activate different signaling pathways. 
The binding of BMP dimers to preformed receptor complexes, composed of type I and type II BMP 
receptors (BMPR1 and BMPR2, respectively), leads to the activation of the SMAD-dependent 
pathway. Activated BMP receptors will recruit and phosphorylate R-SMADs that will associate with 
co-SMAD and enter the nucleus, where transcriptional regulation of target genes will occur. BMP-
induced oligomerization of the receptors – i.e. BMP dimers bind first to the high affinity receptor 
(BMPR1) that will subsequently recruit the low affinity receptor (BMPR2) – leads to the activation of 
the non-canonical BMP pathways, e.g. JNK, ERK and p38 MAPK pathways. Transduction of BMP 
signal can be blocked either by extracellular antagonists (e.g. noggin and chordin or by intracellular 
proteins such as I-SMADs, which prevent the association between R-SMADs and co-SMADs. I and II 
indicate type I and type II receptors, respectively. Circled P indicates phosphorylation. Adapted from 
Bessa et al., 2008; Demers et al., 1999; Liu et al., 2005 and Nohe et al., 2002) 
 
Members of the BMP family have been classified into four subfamilies according to 
their primary structure and function: BMP2/4, osteogenic proteins (OPs), cartilage-derived 
morphogenetic proteins (CDMPs) and growth and differentiation factors (GDFs) subfamilies 
(Kawabata et al., 1998; Li et al., 2003). BMP2/4 subfamily was the first to be identified and 
characterized; it was initially formed by 2 members, BMP2 and BMP4, which are homologs 
of the Drosophila decapentaplegic (DPP) protein (Padgett et al., 1987; Wozney et al., 1988). 
BMP16 has recently been identified as a member of this subfamily (Feiner et al., 2009) and 
we will refer to it as BMP2/4/16 subfamily thereafter. While BMP2 and BMP4 have been 
extensively studied and shown to be osteo-inductive, critical to early development (deficiency 



















Winnier, Blessing, Labosky, and Hogan, 1995) and to be involved in the development of 
several organ systems, including lungs, limbs, intestine and kidney (Weaver et al., 1999; 
Selever et al., 2004; Chalazonitis and Kessler, 2012; Takigawa et al., 2010; Nishinakamura 
and Sakaguchi, 2014), not much is known about BMP16, which was until recently described 
as a teleost fish specific protein (Feiner et al., 2009). In zebrafish, BMP16 expression was 
associated to the developing heart, gut epithelium and swim bladder (Feiner et al., 2009).  
 
1.1.1.1 Bone morphogenetic protein 2  
The osteogenic capacity of BMP2 were first described by Marshall Urist, in 1965, upon 
the discovery that demineralized segments of bone had the capacity to induce new bone 
formation when implanted in rabbit muscle (Urist, 1965). However, it was only in the late 
80’s that Wozney and co-workers were able to purify it from bovine bone extracts (Wozney et 
al., 1988). BMP2 was co-purified together with BMP1, BMP3 and BMP4 (that at the time 
was named BMP2B, due to the high degree of similarity – over 90% – between BMP2 and 
BMP4 mature peptides) and was shown to induce ectopic bone formation when implanted 
ectopically into rats (Wang et al., 1990; Wozney et al., 1988). Nowadays, BMP2 is 
considered to be one of the most potent bone inducers, but despite its role in cartilage and 
bone metabolism, it has several other non-osteogenic functions in different biological 
processes (e.g. mesoderm formation and patterning, neural and limb patterning; reviewed by 
Hogan, 1996). 
 
1.1.1.1.1 Gene and protein structures 
Human BMP2 gene is localized on chromosome 20 (Rao et al., 1992) and is composed 
by 2 coding exons and a 5’ non-coding exon (Sharapova et al., 2010; Fig. 1.5A). As for other 
BMPs, BMP2 is synthetized as a large precursor containing (1) a signal peptide, responsible 
for directing the protein to the secretory pathway, (2) a pro-peptide, poorly conserved 
throughout evolution and involved in dimer formation and stabilization that will be cleaved 
after processing, and (3) a mature peptide which is very well conserved throughout evolution 
and involved in osteogenic signaling (Sharapova et al., 2010). The folded monomers of 
BMP2 possess three disulfide bridges, which form the cystine knot, a structure that confers 
some rigidity to the monomer (Vallejo and Rinas, 2013; Fig 1.3). The monomer fold has been 



















convex surface of the fingers corresponds to the “knuckles” while the helix region 
corresponds to the “wrist” (Kirsch et al., 2000; Fig. 1.5B) Monomers of BMP2 are covalently 
connected by an additional disulfide bridge (Vallejo et al., 2013). 
 
 
Figure 1.5. (A) Schematic representation of human BMP2 gene and protein structures. In the gene 
structure, exons are displayed as gray boxes (non-coding exons) and black boxes (coding exons) and 
indicated with arabic numbers. Introns are displayed as solid lines and indicated with roman numbers. 
Phase of intron insertion is indicated in white triangles. In the protein structure, SP indicates the signal 
peptide. Black triangle indicates cleavage site by subtilisin-like pro-protein convertase (SPC). Black 
circles indicate cysteine residues involved in the cystine knot structure. Gray circle indicates cysteine 
residue involved in the formation of the disulfide bridge that connects BMP monomers. Black square 
indicates site of N-glycosylation. Correspondence between coding regions in gene and related domains 
in protein is indicated with shadowed regions. Adapted from (Rafael et al., 2006) (B) Tri-dimensional 
structure of a human BMP2 dimer. Each BMP2 monomer is indicated with a different color (red or 
blue). Wrist and knuckle epitopes are indicated with a dashed line. Adapted from Vallejo and Rinas, 
2013. 
 
Human BMP2 has three N-glycosylated sites confirmed by enzymatic assays; one of 
those sites is located in the mature peptide, on asparagine (Asn) at position 338 (Hang et al., 
2014). N-glycosylation (addition of a glycan to specific Asn residues) is an important feature 
for protein structure and function (it increases protein stability and half-life; Carreira et al., 
2014); nonetheless a functional (although to a much lower extent) non-glycosylated form has 
been reported (Paulo C Bessa et al., 2008; Ruppert et al., 1996). Western blot analysis of 



















forms with different molecular weights in agreement with the predicted weight of the 
different peptides: BMP2 precursor (including the pro and the mature peptide; 60 kDa), 
propeptide (40-45 kDa) and mature peptide (18-22 kDa) protein. A precursor of about 45 kDa 
was detected when cells were pre-treated with an inhibitor of N-linked glycosylation, which is 
in accordance with the predicted molecular weight based on amino acids composition (Israel 
et al., 1992). 
 
1.1.1.1.2 BMP2 expression patterns and physiological role 
Although its name suggests a role dedicated to bone formation, BMP2 gene is not 
exclusively expressed in skeletal tissue and has been detected in a wide variety of vertebrate 
tissues (reviewed by Hogan, 1996). BMP2 expression is first detected at the onset of 
gastrulation and ventral folding (Madabhushi and Lacy, 2011), supporting a critical role of 
BMP2 during early development. It is considered a late mesodermal marker and a cardiogenic 
factor and, in early stages of development, BMP2 expression can be normally detected in 
lateral plate mesoderm and cardiac-associated pharyngeal endoderm (Ghatpande et al., 2006; 
Doss et al., 2012). BMP2 gene is described to be ubiquitously expressed and its involvement 
in several embryonic processes and organogenesis (e.g. gastrulation, neural patterning, gut 
development, cell proliferation, apoptosis and differentiation; reviewed by Hogan, 1996) 
evidence its pleiotropic activity (Tseng and He, 2007; Reddi, 1997). The following sections 
intend to give a brief description of the principal functions associated to BMP2. 
 
1.1.1.1.2.1 Embryonic development 
The role of BMP2 in embryonic development was first evidenced from studies in the 
fruit fly Drosophila melanogaster, which demonstrated the role of DPP (the invertebrate 
homolog of BMP2 and BMP4) in body patterning at several developmental stages (Ferguson 
and Anderson, 1992; Capovilla et al., 1994). Interestingly, Drosophila DPP can induce 
endochondral bone formation when introduced subcutaneously in mouse, and human BMP4 
is able to rescue the dorsoventral defects resulting from the lack of DPP in Drosophila 
(Padgett et al., 1993; Sampath et al., 1993). Because invertebrate and vertebrate homologs are 
interchangeable, it was proposed that BMP2 may be involved in embryonic development, an 
hypothesis supported by the presence of BMP2 transcript in early stages of embryo 
development, before the onset of chondrogenesis and ossification processes (Zhang and 



















and it has been associated with several processes, such as mesodermal patterning, embryonic 
cardiac development, vasculogenesis regulation, left/right axis patterning, neuronal 
differentiation, chondrogenic and osteogenic differentiation, limb development and negative 
regulation of the lymphatic lineage (Bandyopadhyay et al., 2006; Doss et al., 2007; Dunworth 
et al., 2014; Goldstein et al., 2005; Majumdar et al., 2001; Pal et al., 2006; Martin Raida et al., 
2005; Wu et al., 2009). 
 
1.1.1.1.2.2 Cardiac development 
Heart is the first organ to form during vertebrate development and knockout (KO) 
studies in mice (i.e. animals lacking the expression of BMP2) have clearly evidenced the 
central role of BMP2 in cardiogenesis (Zhang and Bradley, 1996). Embryos of Bmp2-/- mice 
were non-viable and died between days 7 and 9 after fertilization, possibly from defects in the 
closure of the pro-amniotic canal and abnormalities in cardiac development (Zhang and 
Bradley, 1996). BMP2 expression was observed in the promyocardium surrounding 
mesodermal cells and in the atrioventricular canal of the embryonic heart and was associated 
with the formation of the heart chambers (Lyons et al., 1990; Zhang and Bradley, 1996). 
Ablation of ß-catenin expression in mouse visceral endoderm triggered the formation of 
multiple hearts at sites of ectopic BMP2 expression, evidencing the important role of BMP2 
for the onset of heart formation (Lickert et al., 2002). Expression of BMP2 gene in 
mesenchymal cells also suggests a role in the mesenchyme development and in the 
differentiation of mesenchymal cells into myocardial tissue (Abdelwahid et al., 2014). BMP 
signaling pathway and BMP2 have also been clearly associated with mechanisms of 
cardiogenesis through their regulatory action on cardiomyocytes marker gene expression (e.g. 
GATA4, 5 and 6, NKX2.5, MEF2C and TBX1; Wang et al., 2013; Andrée et al., 1998; Chen 
et al., 2012; de la Pompa and Epstein, 2012; Ghosh-Choudhury et al., 2003; Monzen et al., 
1999; Pucéat, 2007; Schultheiss et al., 1997). Moreover, several functional assays also 
support the role of BMP2 in heart valve formation, cardiac contractility, stimulation of 
cardiomyocyte shortening, formation of heart jelly, induction of endocardial epithelial to 
mesenchymal transition (EMT) and coordination and development of atrioventricular region 
(Abdelwahid et al., 2014; Ma et al., 2005; Rivera-Feliciano and Tabin, 2006; Sugi et al., 
2004; Wang et al., 2007; Ghosh-Choudhury et al., 2003). 
 
                                                 
1 GATA (GATA-binding protein); NKX2.5 (NK2 homeobox 5); MEF2C (myocyte enhancer factor 2C); TBX 



















1.1.1.1.2.3 Bone and cartilage formation 
Because of their osteogenic properties, BMP2, BMP4, BMP6, BMP7 and BMP9 have 
been considered as candidates for a role in the induction of bone formation (Wozney, 2002; 
Luu et al., 2007). Among those, BMP2 demonstrated a remarkable osteogenic capacity, 
evidenced by its ability to induce ectopic bone formation when implanted into rodents (Chen 
et al., 2004; Wang et al., 1990; Wozney et al., 1988). In combination with other factors, 
BMP2 delivers one of the most important signals that drive osteoblast maturation and 
differentiation, from the precursor mesenchymal cells, and the crosstalk between BMP and 
Wnt/β-catenin signaling pathways is thought to be crucial in this process (Friedman et al., 
2009; Chen et al., 2014; Bais et al., 2009; Mbalaviele et al., 2005). Additionally, BMP2 has 
been associated in chick embryos with control of size and shape of developing bones 
(Karsenty and Wagner, 2002; Reddi, 1997).  
The lethality of BMP2 inactivation prevented the study of its role during bone 
formation. To overcome this problem, the use conditional KO animals, where BMP2 
expression is ablated in specific cell types using the Cre-Lox recombination system, has been 
considered (Mi et al., 2013). Bones from animals where osteoblastic expression of BMP2 was 
ablated were proved to be of poor quality, thinner, fragile and to have an increased risk of 
fracture along with a deficient healing capacity (Yang et al., 2013). The absence of BMP2 in 
osteoblasts mimics what often happens with aging: a reduced bone vascularization and a 
decrease in osteoblasts number and differentiation (Yang et al., 2013). BMP2 has been 
reported as an essential factor not only in post-natal bone formation and maintenance, but also 
in bone regeneration and fracture repair (Rosen, 2009; Alam et al., 2009; Tsuji et al., 2006; 
Bais et al., 2009). Mice lacking limb-specific expression of BMP2 exhibited bone micro-
fractures and an increased risk of fracture (Rosen, 2009). Osteoprogenitor cells of mice 
lacking BMP2 expression exhibited a defective differentiation and proliferative capacity as 
well as an impaired ability to fully regenerate bone tissue (Granero-Moltó et al., 2009). 
Besides its role in osteoblast differentiation and bone formation, BMP2 has been 
associated with chondrocyte maturation and endochondral bone formation, during early stages 
of mammalian skeleton development (Shu et al., 2011; Karsenty and Wagner, 2002; 
Bandyopadhyay et al., 2006). Conditional ablation of BMP2 expression in chondrocytes led 
to the development of a severe chondrodysplasia phenotype in mice, resulting from defective 
mechanisms of chondrocyte proliferation, differentiation and apoptosis and a disorganized 



















promotion of cartilage callus maturation in healing bone fractures and animals lacking BMP2 
expression in chondrocytes leads to a prolonged cartilage phase (Mi et al., 2013). The role of 
BMP2 in bone repair was further confirmed by high levels of BMP2 transcript in periosteal 
cells and hypertrophic chondrocytes during fracture healing, suggesting that the first 
mesenchymal cells expressing BMP2 will be the cells committed to the osteoblastic and 
chondrocytic lineages (Matsubara et al., 2012; Yu et al., 2010). 
 
1.1.1.1.2.4 Vascularization 
Several reports support the central role of BMPs in the regulation of mechanisms at the 
origin of vascularization during development and bone formation (Hogan, 1996), through the 
direct activation of BMP signaling pathway or by interacting with other pathways (e.g. VEGF 
signaling pathway) also involved in the process of vascularization (Moser and Patterson, 
2005; He and Chen, 2005; Deckers et al., 2002). BMP2 was shown to accelerate bone healing 
process by supporting vascularized bone regeneration and also to regulate the expression of 
angiogenic growth factors, such as placental growth factor (PlGF) and members of the family 
of basic-helix-loop-helix transcription factors, known to play a vital role in angiogenesis 
(Hollnagel, 1999; He et al., 2013; Raida et al., 2005). Besides being involved in physiological 
vascularization, BMP2 function has been associated with pathological conditions, such as 
tumor angiogenesis in several types of cancer (Raida et al., 2006; Langenfeld and Langenfeld, 
2004; Raida et al., 2005). Under experimental conditions, BMP2 could increase the size and 
the number of tumor blood vessels in mice, an effect that could be reversed in the presence of 
specific BMP2 inhibitors (Langenfeld and Langenfeld, 2004).  
 
1.1.1.1.2.5 Odontogenesis 
BMPs are also central to odontogenesis (Feng et al., 2011; Mu et al., 2012; L-A Wu et 
al., 2010) and BMP2 is a decisive contributor to tooth formation during early mouse 
development. During this developmental time window, BMP2 gene expression is localized in 
the dental epithelium while it is transferred at later stages to the mesenchymal dental papilla 
(Chen et al., 2008). After birth, BMP2 transcript is detected in odontoblasts and ameloblasts 
involved in tooth cytodifferentiation (Yang et al., 2012). Besides a role in odontoblast 
differentiation (Yang et al., 2012), BMP2 has proven to be an important factor in the 
vascularization of dental pulp, in the differentiation of ameloblast and dental pulp cell and in 



















2011; Chen et al., 2008; Wu et al., 2010). Furthermore, when removed from osteoblast 
precursors, BMP2 was shown to be involved in the development of tooth roots as well as in 
their supporting structures, again due to a decrease on vascularization (Rakian et al., 2013). A 
role of BMP2 in root development is also supported by the reduction of the amount and 
quality of the dentin produced upon the inactivation of BMP2 gene expression in mice early 
odontoblasts (Feng et al., 2011). Delayed amelogenesis and disorganized enamel were also 
observed in these animals, although no significant difference was reported in the overall 
quantity of enamel formed (Feng et al., 2011; Yang et al., 2012). The transcriptional up-
regulation of transcription factors involved in the process of tooth formation (NFY, CEBP, 
DLX2 and 3, MSX1 and LEF-1)2 and of marker genes involved in odontoblast and ameloblast 
differentiation (DSPP, p75NGFR and AMELX)3 by BMP2 through the SMAD-dependent 
BMP signaling pathway further demonstrate a role of BMP2 during odontogenesis (Dassule 
and McMahon, 1998; Fan et al., 2009; Harris et al., 2003; Hassan et al., 2004; Hoeppner et 
al., 2009; Chen et al., 2008; Miyoshi et al., 2008). 
 
1.1.1.1.2.6 Other functions 
During the development of the nervous system of several vertebrates, BMP2 has been 
associated with glial and central nervous system fates and retinal patterning. BMP2 was 
shown to promote survival and differentiation of neurons, neural crest cell induction and 
migration, neural tube patterning and brain regionalization, but also to play an important role 
in practically every stages of gut and enteric nervous system (ENS) formation (Chalazonitis 
and Kessler, 2012; LaBonne and Bronner-Fraser, 1999; Sela-donenfeld and Kalcheim, 1999; 
Sato et al., 2010; Sailer et al., 2005; Sakuta et al., 2006). Roles in cell proliferation and 
apoptosis have also been described, and depending on the cellular context and/or morphogen 
concentration, BMP2 can either promote or inhibit cell differentiation and apoptosis (Kim et 
al., 2013). For instance, transduction of BMP2 signal through the TAK1-p38 kinase pathway 
had pro-apoptotic effects in mouse MH60 cells (Kimura et al., 2000), while it had anti-
apoptotic effects in the mouse chondrocytic N1511 cell line via Akt-mediated NF-kB 
activation (Sugimori et al., 2005). 
 
 
                                                 
2 NFY (heterotrimeric transcription factor Y); CEBP (CCAAT enhancer-binding protein); DLX (distaless); MSX 
(meshless); LEFT1 (lymphoid enhancer binding factor) 



















1.1.1.1.3 BMP2 and human diseases 
As described above, BMP2 is a multifunctional growth factor that plays important roles 
in many biological processes and whose abnormal expression or signaling disruption is linked 
to several pathological processes (Liu et al., 2008). Osteoporosis, a disease characterized by a 
decrease in bone mineral density and an increased fracture risk, was linked to chromosome 
20p12.3, the same region containing BMP2 locus (Styrkarsdottir et al., 2003). Variants of 
BMP2 resulting in reduced activity or gene expression, have been associated to osteoporotic 
phenotypes (Fritz et al., 2006) and several polymorphisms in BMP2 gene have been identified 
and related to the disease (Li et al., 2011; Styrkarsdottir et al., 2003; Wang et al., 2012). 
Osteoarthritic tissue has also a reduced BMP2 gene expression (Nakase et al., 2003) and 
single nucleotide polymorphisms (SNPs) in BMP2 have been linked to an increased 
susceptibility to osteoarthritis (Valdes et al., 2004). Brachydactyly, a condition characterized 
by a shortening of the fingers and toes, was associated to a duplication in a conserved 
sequence, downstream BMP2 gene, which normally functions as a regulatory element 
controlling BMP2 expression in the limbs (Dathe et al., 2009). 
Besides bone and cartilage metabolism, BMP2 has also been associated with other 
pathologies. For example, BMP2 expression was shown to be significantly increased in colon 
tissues from patients with Hirschsprung disease and has been associated, along with other two 
members of the BMP family (BMP5 and BMP10) to the development of the disease (Wu et 
al., 2014). Comparative genomic hybridization studies have also linked the genomic region 
containing BMP2 locus to the predisposition to develop pre-excitation syndrome (Lalani et 
al., 2009), a condition where heart ventricles contract prematurely. High levels of BMP2 
transcript and protein were observed in hypercalciuric rat kidney tissue, possibly suggesting a 
role of BMP2 in renal stone formation in idiopathic hypercalciuria (Jia et al., 2014). 
Dysregulations of BMP2 signal have also often been associated to cancer, and BMP2 
gene expression was found to be altered in many types of tumors (e.g. breast cancer, 
pancreatic cancer, osteosarcoma and prostate cancer; Horvath et al., 2004; Kleeff et al., 1999; 
Sadikovic et al., 2010; Yamamoto et al., 2002). Nevertheless, mechanisms underlying BMP2 
role in tumorogenesis are not completely understood and there is some controversy regarding 
its protective or stimulating effect on tumor development (Langenfeld et al., 2006; Wang et 
al., 2012). On one hand, BMP2 has shown anti-proliferative effects in breast, lung, colon 
adenocarcinoma, gastric, osteosarcoma and non-small cell lung cancer cell lines (Wang et al., 



















prostate cancer the loss of BMP2 signaling was associated to cancer progression and 
aggressiveness (Dumont and Arteaga, 2003). In the other hand, a role in cell invasion and 
cancer progression has also been proposed, and a BMP2-dependent increase of blood vessels 
formation was observed in tumors formed by A549 cells in nude mice (Langenfeld and 
Langenfeld, 2004). Migration and an increased invasiveness capacity were also associated 
with BMP2 expression in several cancers, including chondrosarcomas, breast cancer, 
pancreatic cancer, lung cancer, gastric cancer and melanomas (Kang et al., 2010; Hsu et al., 
2011; Rothhammer et al., 2005; Kleeff et al., 1999; Jin et al., 2012; Fong et al., 2008).  
 
1.1.1.1.4 Clinical use of BMP2 
Due to its remarkable osteogenicity, BMP2 was soon considered a potential therapeutic 
agent to reverse or alleviate bone disorders. Its capacity of interacting with VEGF signaling 
pathway also provide BMP2 with the striking capacity of promoting angiogenesis, a critical 
step on the success of bone regeneration process (Deckers et al., 2002). After several 
successful pre-clinical tests realized in several mammalian species (Bax et al., 1999; Li and 
Wozney, 2001; Brown et al., 2005; Zhao et al., 2002), BMP2 was tested in humans and 
shown to positively affect fracture repair (Valentin-Opran et al., 2002; Li and Wozney, 2001). 
Since 2002, human recombinant BMP2 (hr-BMP2) is commercially available for clinical use 
as a treatment to replace invasive autogenous bone graft surgery (Hoffmann et al., 2013). The 
use of rh-BMP2 is nowadays a common practice during orthopedic surgery and is 
increasingly applied to treat spinal fusion, open tibia fracture, non-union, sinus lift and 
alveolar ridge augmentation (Abd-El-Barr et al., 2011; Govender et al., 2002; Tressler et al., 
2011; Jung et al., 2003). Off-label trials have also successfully used recombinant BMP2 in the 
reconstruction of mandibular segments and teeth (Carter et al., 2008; Cochran and Wozney, 
1999).  
Although the clinical use of rh-BMP2 is very well tolerated (Szpalski and Gunzburg, 
2005), several secondary effects have been reported. Heteropic ossification, inflammation, 
excessive bone resorption and nerve compression were observed following the local 
administration of rh-BMP2 to improve bone healing at fracture site (Chen et al., 2010; Shah et 
al., 2010; Woo, 2013). Recently, higher cancer risk in patients treated with rh-BMP2 has also 
been reported (Carragee et al., 2013). One of the aspects that may influence the incidence of 



















almost 100 times higher than physiological doses, due to the reduced half-life of BMP2 (Kim 
et al., 2013). 
 
1.1.1.1.5 Transcriptional regulation of BMP2 gene 
The pleiotropic role of BMP2 in animal physiology implies a tight regulation of the 
gene expression, both spatially and temporally (Jiang et al., 2010). Promoter regions of mouse 
and human genes (among others) have been analyzed and, although it remains controversial, 
two transcription start sites have been identified in both species (Abrams et al., 2004; Ghosh-
Choudhury et al., 2001; Helvering et al., 2000; Sugiura, 1999). Binding sites for bone and 
cartilage related transcription factors, including RUNX2, and SOX9 4 , have also been 
identified in human gene promoter (Helvering et al., 2000). Several other common cis-
regulatory elements, such as SP1, CREB and RARE5 were found in the BMP2 promoter 
regions of human and mouse (Helvering et al., 2000; Zhang et al., 2011; Goto et al., 2006). 
The presence of long-range regulatory elements, i.e. outside of the promoter region, have 
been evidenced and shown to control mouse BMP2 gene transcription (Chandler et al., 2007). 
This, together with a capacity of auto regulation, that functions as a negative feed-back loop 
decreasing BMP2 levels, and the presence of a complex promoter organization, with 
suppressing elements located contiguously to enhancer elements, are some of the evidences 
for the complex transcriptional regulation to which BMP2 gene is subjected (Sugiura, 1999; 
Ghosh-Choudhury et al., 2001). 
 
1.1.1.1.6 Post-transcriptional regulation of BMP2 transcript 
BMP2 gene expression is also regulated at the post-transcript level, i.e. after 
transcription of the gene (Jiang et al., 2008). Three prime untranslated regions (3’UTRs) of 
transcripts are known to often contain elements important for the post-transcriptional 
regulation of gene expression (Mignone et al., 2002). Interestingly, 3’UTR of BMP2 
transcript has been highly conserved throughout evolution and AU-rich sequences commonly 
associated with the mechanisms underlying post-transcriptional regulation are similarly 
positioned in the 3’UTR of Drosophila DPP and human BMP2 transcript, suggesting the 
conservation of an ancient regulatory system (Fritz et al., 2004). A single nucleotide 
                                                 
4 SOX9 (sex determining region Y box 9) 




















polymorphism (SNP rs235764) has been identified in the AU-rich element of the human gene 
leading to alterations in RNA stability, decay and consequently RNA levels (Fritz et al., 
2006). This ultra-conserved region, function as a control mechanism, regulating BMP2 levels 
according to tissue and cell types specificities, normally acting as a post-transcriptional 
repressor. Disruptions on this post-translation mechanism are often associated to pathological 
calcifications (Kruithof et al., 2011). Similarly, multiple polyadenylation signals, which are 
commonly associated with the modulation of RNA abundance, were evidenced in the 3’UTR 
of human BMP2 transcript suggesting another way of post-transcriptional regulation of BMP2 
gene expression (Fritz et al., 2004). 
When talking about post-transcriptional regulation it is common to refer to microRNAs 
(miRNAs), which due to their ability to regulate mRNA translation, are potent regulators of 
protein availability (Shivdasani, 2006). Although the role of miRNAs in bone formation, 
mineralization and homeostasis is still largely understudied, there are some evidences of 
miRNAs involved in the regulation of bone metabolism. Recently miR-20a was shown to 
promote osteogenic differentiation of human mesenchymal stem cells by targeting PPARγ, 
BAMBI and CRIM16, negative regulators of BMP signaling pathway (Zhang et al., 2011). 
Overexpression of miR27a, was also described to decrease protein levels of BMP2, while 
overexpression of miR378 increases the levels of BMP2 available for osteoinduction, 
showing that the modulation of BMP2 protein levels can be dependent on the cellular context 
and intermediates present (Gong et al., 2014; Hupkes et al., 2014). Thus, understanding the 
mechanisms through which post-transcriptional regulation of BMP2 is controlled will greatly 
help to uncover how repressor and/or activators are able to modulate BMP2 synthesis in 
different cell types. 
 
1.1.1.1.7 BMP2 signaling modulation 
Due to its involvement in diverse activities from embryonic patterning to skeleton 
formation and homeostasis, BMP2 activity has to be controlled at various levels. Besides 
being controlled at gene (e.g. transcriptional and post-transcriptional regulation) and protein 
levels (proteolytic cleavage, post-translational modification, homo/hetero dimerization and 
differential receptor binding specificity), BMP2 signal is also modulated intra and 
extracellularly through the binding of specific molecules (Yanagita, 2005). The different 
                                                 
6 PPAR (peroxisome proliferator-activated receptor); BAMBI (BMP and activin membrane-bound inhibitor); 



















levels of regulation include: (1) extracellular binding of proteins to BMP2, preventing the 
interaction of BMP2 dimers with specific receptors; (2) docking of BMP2 to co-receptors and 
dominant negative pseudoreceptors competing with the regular BMP receptors; (3) 
intracellular binding of I-SMADs to R-SMADs, preventing BMP2 signal transduction; 





Figure 1.6 Schematic representation of the 
different levels of regulation of the BMP 
signaling. (1) Extracellular antagonists bind 
to BMP dimers and prevent the interaction 
with type I and type II receptors; (2) 
Pseudoreceptors modulate BMP signaling 
at membrane level, preventing the signal to 
be transduced; (3) Inhibitory SMADs 
regulate intracellular signaling by binding 
to co-SMAD and avoiding complexation 
with R-SMAD and the consequent 
regulation of target genes. I and II indicate 
type I and II receptors, respectively. 
Adapted from Balemans and Van Hul, 
2002. 
1.1.1.1.7.1 Extracellular modulation of BMP2 activity 
Several proteins are known to bind extracellularly to BMP2 and to reduce its activity or 
prevent the transduction of the signal. These molecules are commonly known as BMP2 
antagonists (Yanagita, 2005), possess a structure analogous to the one of BMP2 and have 
been classified into several families, based on the number of cysteines involved in the 
formation of the cystine knot: Dan family (eight-membered ring), twisted gastrulation (nine-
membered ring), Noggin and chordin (ten-membered ring; Avsian-Kretchmer and Hsueh, 
2004; Vukicevic and Sampath, 2008).  
A list presenting some of BMP2 interacting partners is presented in Table 1. It is worth 
to note that the inhibitory effect is, in some cases, not restricted to BMP2 but also directed to 
other BMPs or TGF-β family members, and may have different functions unrelated to the 






















Table 1. BMP2 interacting partners  
Family name Protein name Function References 
Dan Differential screening-
selected gene aberrative in 
neuroblastoma 
Tumor suppressor (Ozaki and 
Sakiyama, 1994; 
Hung et al., 2012) 
Cerberus Head organizer (Silva et al., 2003; 
Piccolo et al., 1999) 
Caronte Left-right asymmetry (Schlange et al., 
2002) 
Protein related to Dan and 
Cerberus 
BMP signaling regulation in 
ovary, brain and bone 
(Ideno et al., 2009; 
Sudo et al., 2004) 
Gremlin Apical ectodermal ridge and 
epithelial-mesenchymal 
feedback signaling; early limb 
outgrowth; kidney patterning; 
kidney and lung 
morphogenesis 
(Merino et al., 1999; 
Michos et al., 2004) 
Uterine sensitization 
associated gene-1 
Hair follicles induction; kidney 




Twisted Gastrulation Dorso-ventral axis formation; 
brain development; BMP2 
agonist (depending on the 
concentration) 
(Sun et al., 2010; 
Gazzerro et al., 2005; 
Larraín et al., 2001) 
Noggin and 
Chordin 
Noggin Neural tissue, bone and joint 
formation; 
(Brunet et al., 1998; 
McMahon et al., 
1998) 
Chordin Morphogenesis; body axis and 
neural tissue formation 
(Londin et al., 2005; 
Piccolo et al., 1996) 
Chordin-like 1 Dorso-ventral and anterio-
posterior patterning; retina 
development 
(Nakayama et al., 
2004; Branam et al., 
2010) 
Chordin-like 2 Joint specification; 
osteoarthritic cartilage 
regeneration 
(Nakayama et al., 
2004) 
Brorin Neural development (Koike et al., 2007) 
Other Follistatin Neural induction (Zhang et al., 1997) 




Crossveinless Wing vein development in 
Drosophila; 
Agonist/antagonist of BMP2 
signaling (depending on 
proteolytic cleavage) 
(Rentzsch et al., 
2006) 
Matrix Gla protein Calcification inhibitor; BMP2 
modulator 
(Boström et al., 
2001) 
 
The large majority of the proteins interacting with BMP2 are negative regulators of its 
activity. Few of them are, however, capable of enhancing the biological effect of BMP2, and 
those are known as BMP2 agonists. Depending on their concentration and on the presence of 



















Gastrulation, crossveinless/BMPER members, that increase or decrease signaling in a context 
dependent manner (Umulis et al., 2009; Zhang et al., 2010; Rentzsch et al., 2006). 
 
1.1.1.1.7.1.1 Matrix Gla protein as an extracellular regulator of BMP2 activity 
Matrix Gla protein (MGP) is a small, γ-carboxylated, vitamin K-dependent protein 
(Price and Williamson, 1985) that was initially found to be tightly associated with BMP2 (so 
tightly that the use of strong denaturing agents was needed to separate both proteins; Urist et 
al., 1984). MGP has been described as a calcification inhibitor and some groups speculated 
that it may be through its direct interaction with BMP2 and the subsequent attenuation of 
BMP2 signaling (Boström et al., 2001; Xue et al., 2006; Sweatt et al., 2003). The interaction 
between the two proteins was shown through the use of co-immunoprecipitation studies, 
however residues involved in the binding were not identified. Several pieces of evidence have 
been collected in the last decade toward Gla residues of MGP being important for the 
interaction with BMP2, although conclusive data to support this evidence, as well as the 
tridimensional structure/model of BMP2-MGP complex, are still missing. In 2008, Yao and 
co-workers reported the interaction between human BMP4 and MGP and identified the Gla 
residues and a specific proline residue (Pro64) as important for the binding between the two 
proteins (Yao et al., 2008). Whether these residues are directly involved in the interaction 
between BMP2 and MGP remains to be determined.  
 
1.1.1.2 Evolutionary relationship of BMP2/4/16 subfamily members 
Organism evolution is closely related to gene duplication and divergence events which 
are essential mechanisms to create gene novelty (Force et al., 1999). Whole genome 
duplication (WGD) events had an important role in the construction of vertebrate genomes; it 
is commonly accepted that two rounds of WGD events (referred as 1R and 2R) have occurred 
during vertebrate evolution, besides the fish-specific WGD event (3R) that affected teleost 
fishes (Goode et al., 2011; Amores et al., 1998; Dehal and Boore, 2005; Kuraku et al., 2009). 
After duplication, genes can evolve in three possible ways: (1) one of the duplicates is 
lost or degenerates throughout organism evolution; gene loss occurs at a high frequency (e.g. 
it is estimated that more than 80% of zebrafish genes duplicated through the 3R were lost later 
on; Woods et al., 2000); (2) one of the duplicates acquires a complementary function of the 
original gene; this process is known as subfunctionalization, and both gene copies are 



















function from the ancestor gene; this process is known as neofunctionalization, and both gene 
copies are maintain but code for proteins with different functions (Fritsch et al., 2010; Fig. 
1.7). Interpretation of molecular phylogenies are complicated by gene duplication/deletion 




Figure 1.7. Schematic representation of the possibilities after a gene duplication event. A gene 
subfunctionalization occurs when both copies of the gene are maintained and evolve towards a 
complementation of the function. Alternatively, if one of the duplicates evolves towards a different 
function we say that a neofunctionalization have occurred. However, the most common fate of a gene 
after a duplication event is the loss or degeneration of one of the duplicates Adapted from 
http://commons.wikimedia.org/wiki/File%3AEvolutionOfDuplicateGenes.png By Veryhuman (Own 
work).  
 
The BMP family is one of the several families of genes that evolved through gene 
duplication and divergence from a small number of ancestors and the diversity of members 
belonging to this family are a consequence of this evolutionary mechanism (Fritsch et al., 
2010).   
 
1.2 Fish as a suitable model to study skeletogenesis 
Fishes form the largest, most successful and diverse class of vertebrates and represent 
slightly more than 50% of the extant vertebrate species, most of them belonging to the ray-
finned fish class (Actinopterygii; Nelson, 2006). By sharing with mammals a number of 
important characteristics (e.g. organ systems, gene functions, developmental organization and 
physiological/biochemical mechanisms, including mechanisms of cartilage and bone 



















underlying vertebrate development, including skeletogenesis (Berghmans et al., 2005; 
Kabashi et al., 2011). Among teleost fish, zebrafish Danio rerio has specific characteristics 
and technical advantages that favor its use as a model organism for developmental biology 
and biomedical research: (1) external fertilization and embryonic development, which 
facilitate embryo manipulation and visualization; (2) rapid development, almost every body 
structure are visible 48 hours post fertilization; (3) embryos transparency, which allow a 
direct observation of internal developing organs and tissues, in particular the skeleton; (4) 
small size and easy maintenance under laboratory conditions; (5) short generation times, 3 
months to get an adult fish; (6) large progeny number, hundreds of eggs per spawning; and (7) 
availability of various genomic tools, zebrafish genome is almost completely sequenced and 
annotated and the majority of the genes have assigned human orthologs (reviewed in Laizé et 
al., 2014). Additionally, the highly developed methodology for genetic manipulation and 
transgenic availability (reviewed in Laizé et al., 2014) made zebrafish a suitable and valuable 
tool, that has already been used successfully, to study molecular and cellular mechanisms 
underlying several human pathologies (e.g. cancer, cardiac disorders, hemophilia, 
osteoporosis, kidney and liver diseases, central nervous system disorders) and can thus be 
considered a promising tool on the development and validation of new therapeutics 
(Berghmans et al., 2005; Kabashi et al., 2011; Huttner et al., 2013; Jagadeeswaran and Liu, 
1997; Barrett et al., 2006; Swanhart et al., 2011; Sadler et al., 2005). Anatomical and 
developmental features of human and fish skeletal elements are remarkably conserved making 
fish an interesting group to study the evolution of bone tissue (Laizé et al., 2014). Also, and 
because of their evolutionary position, fish are important models to better understand 
evolution of gene families (Guo et al., 2011). 
Although zebrafish is the number one fish model, other fish have been extensively used 
in research, in particular bone research, e.g. Japanese medaka, green-spotted pufferfish, 
Atlantic salmon and Senegalese sole. Gilthead seabream Sparus aurata is one of the most 
important aquaculture species in Portugal and south Europe and because of the high rate of 
skeletal abnormalities that these animals develop when cultured under intensive farming 
conditions, the study of skeleton and muscle development are of particular importance. To 
address these issues, during the last years, an effort to develop biochemical, molecular and 
cellular tools have been made. Several cell lines have been developed from calcified tissues of 
the gilthead seabream. These cells have the capacity to mineralize their extracellular matrix 
and have been characterized in relation to their gene expression patterns and transfectability 



















increasing availability of gene and transcripts sequences available in public sequence 
databases, makes seabream a suitable model to study skeletogenesis and mechanisms of tissue 
mineralization, and it has been already used successfully in several genetic and functional 
studies (Conceição et al., 2008; Ferraresso et al., 2008; Rosa et al., 2010; Rafael et al., 2006; 
Fonseca et al., 2007) 
 
1.3 Objectives of this work 
As evidenced above, BMP2 is an important multifunctional growth factor, central to 
many physiological processes from embryonic development and throughout adulthood. It has 
a major signaling activity during bone formation and metabolism and defective gene 
expression or disrupted protein signaling has been associated with pathological conditions. To 
better understand mechanisms underlying BMP2-related bone disorders it is therefore critical 
to collect data on bone-related BMP2 function and mechanisms of regulation. The main 
objective of this work was to investigate the regulation of BMP2 gene expression at 
transcriptional and post-transcriptional levels but also to study the negative regulation of 
BMP2 signaling through BMP2-MGP interaction. Because fish is a suitable model organism 
to study vertebrate development and a promising alternative to mammals to get insights into 
bone formation, experimental systems based on the gilthead seabream Sparus aurata, the 
zebrafish Danio rerio and the Senegalese sole Solea senegalensis were used to collect 
expression and functional data toward these objectives. The 5’ flanking region of seabream 
BMP2 gene (including the proximal promoter region) and the 3’ untranslated region of BMP2 
transcript were analyzed for the presence of binding sites for transcription factors and 
microRNAs, respectively, then inserted into luciferase reporter vectors to test the 
functionality of potential binding sites. Interaction between BMP2 and MGP were explored in 
a fish-based system using a reporter assay where BMP responsive elements have been 
coupled to luciferase gene. A secondary objective of this work was to get insights into the 
evolutionary relationship between members of the BMP2/4/16 subfamily and collect basic 
data for comparative analysis of BMP2, BMP4 and BMP16 expression and function in fish. 
To achieve these goals, the taxonomic distribution and molecular phylogeny were inferred 
from genomic data collected from sequence databases over most vertebrate taxa. Patterns of 
gene expression during development, in adult tissue and upon retinoic acid exposure were 
determined through qPCR analysis. Protein tri-dimensional structure was modeled based on 
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Bone morphogenetic protein 2 is a morphogen critical to several developmental 
processes, in particular bone formation. Due to its pleiotropic action it has been proposed that 
BMP2 gene expression is under tight regulatory mechanisms. Thus, understanding 
mechanisms underlying transcriptional and post-transcriptional regulation of BMP2 gene is 
important to increase the knowledge on the physiological role of BMP2, and much remains to 
be done regarding this particular point. This chapter is divided in two parts based on 
manuscripts that address the transcriptional and post-transcriptional regulation of gilthead 
seabream BMP2 gene. In the first manuscript, submitted to Gene, the activity of seabream 
BMP2 promoter regions and the functionality of bone and cartilage related transcription 
factors are evaluated using luciferase reporter assays. In the second manuscript, published in 
the Archives of Biochemistry and Biophysics and resulting from a collaborative work with 
Daniel Tiago (first author) and Vânia Roberto (third author), the mineralogenic activity of 
miR20a in fish bone-derived cells and its contribution to the post-transcriptional regulation of 
gilthead seabream BMP2 is evaluated. As second author, I was directly involved in the 
functional analysis of the conserved miR20a binding site that was predicted in gilthead 





























CHAPTER 2. GILTHEAD SEABREAM BMP2 GENE 
REGULATION 
 
2.1 Transcriptional regulation of gilthead seabream bone 
morphogenetic protein (BMP) 2 gene by bone- and 
cartilage-related transcription factors 
 
Cátia L. Marques 




Bone morphogenetic protein (BMP) 2 belongs to the transforming growth factor β 
(TGFβ) superfamily of cytokines and growth factors. While it plays important roles in 
embryo morphogenesis and organogenesis, BMP2 is also critical to bone and cartilage 
formation. Protein structure and function have been remarkably conserved throughout 
evolution and BMP2 transcription has been proposed to be tightly regulated, although few 
data is available. In this work we report the cloning and functional analysis of gilthead 
seabream BMP2 promoter. As in other vertebrates, seabream BMP2 gene has a 5’ non-coding 
exon, a feature already present in DPP gene, the fruit fly ortholog of vertebrate BMP2 gene, 
and maintained throughout evolution. In silico analysis of seabream BMP2 promoter revealed 
several binding sites for bone and cartilage related transcription factors (TFs) and their 
functionality was evaluated using promoter-luciferase constructions and TF-expressing 
vectors. Runt-related transcription factor 3 (RUNX3) was shown to negatively regulate 
BMP2 transcription and combination with the core binding factor β (CBFβ) further reduced 
transcriptional activity of the promoter. Although to a lesser extent, myocyte enhancer factor 
2C (MEF2C) had also a negative effect on the regulation of BMP2 gene transcription, when 
associated with SRY (sex determining region Y)-box 9 (SOX9b). Finally, v-ets avian 



























transcription. Data reported here provides new insights toward the better understanding of the 
transcriptional regulation of BMP2 gene in a bone and cartilage context 
 
2.1.2 Introduction 
Bone morphogenetic proteins (BMPs) are multifunctional growth factors that belong to 
the TGFβ superfamily and form a subfamily with more than 20 members (Bragdon et al., 
2011). BMP2 was first identified in bone and later associated with the control of osteogenesis 
and chondrogenesis through BMP signaling pathway (reviewed by Carreira et al., 2014; 
Rosen, 2009). Beside its critical role during skeletogenesis, BMP2 is also involved in many 
other physiological processes, such as embryonic patterning and organogenesis (reviewed by 
Hogan, 1996). BMP2 gene is flanked by regions classified as gene deserts (long regions 
without nearby genes) that may contain important regulatory elements, and the presence of 
long-range elements controlling BMP2 transcription was reported in mammals (Chandler et 
al., 2007; Dathe et al., 2009). The remarkable conservation of protein structure and function 
(Carreira et al., 2014) conjugated with its crucial role during development, maintained 
throughout vertebrate evolution, suggest that BMP2 transcription may be tightly controlled 
(Sugiura, 1999). The conservation of BMP2 gene, in particular its promoter region, has been 
reported in mammals (i.e. mouse and human; Abrams et al., 2004; Sugiura, 1999) and 
binding sites for several bone- and cartilage-related transcription factors (TFs), such as 
RUNX and SOX9, were predicted. Although the activation of RUNX2 on human BMP2 
promoter has not been proved (Helvering et al., 2000), RUNX2 was shown to effectively 
increase BMP2 gene transcription while BMP2 was also able to regulate RUNX2 
transcription in a feedback regulatory mechanism (Choi et al., 2005). 
Surprisingly, not much more is known about transcriptional regulation of BMP2 by 
bone- and cartilage-related TFs and thus much remains to be done regarding this question. 
The aim of this work is to evaluate the activity of gilthead seabream BMP2 promoter and get 
insights into its transcriptional regulation by bone- and cartilage-related transcription factors. 
The presence of cis-regulatory elements will be predicted in silico and their functionality will 





























2.1.3 Materials and methods 
2.1.3.1 Amplification of genomic DNA 
5’ flanking region and intron I of gilthead seabream BMP2 gene were amplified by 
PCR from a ScaI GenomeWalker library (Clontech) using Advantage Polymerase Mix 
(Clontech), 0.2 µM of Adaptor Primer 1 (AP1; initial PCR) or AP2 (nested PCR) and gene-
specific primers SauBMP2_1Rv or SauBMP2_2Rv (initial PCR), and SauBMP2_3Rv or 
SauBMP2_4Rv (nested PCR), respectively. Nested PCR was performed using a 1:50 dilution 
of the initial PCR. DNA fragments were separated on agarose gel, purified using GeneJET 
Gel Extraction kit (Thermo Scientific), cloned into TOPO vector (Life Technologies) and 
sequenced on both strands. Gene-specific primers were designed according to the sequence 
available in GenBank (accession no. AY679787) and are listed in Table 1. 
 
Table 2.1.1. PCR primers used in this study 










































2.1.3.2 Preparation of promoter-luciferase and deletion constructs 
Constructs containing 5’ flanking region and intron I (construct C1, -1531/+53) or only 
intron I (construct C2, +301/+1282) of gilthead seabream BMP2 gene were amplified using 
reverse primer SauBMP2_HindIII_5Rv in combination with forward primers 
SauBMP2_XhoI_1Fw and SauBMP2_KpnI_2Fw, respectively. Deletion constructs of 5’ 
flanking region were amplified using reverse primer SauBMP2_HindIII_6Rv in combination 
with forward primers SauBMP2_XhoI_1Fw (construct C3, -1531/+53), 
SauBMP2_XhoI_3Fw (construct C4, -842/+53), SauBMP2_XhoI_4Fw (construct C5, -
656/+53), SauBMP2_XhoI_5Fw (construct C6, -367/+53), SauBMP2_XhoI_6Fw (construct 
C7, -294/+53) and SauBMP2_XhoI_7Fw (construct C8, -59/+53). DNA fragments were 
digested with HindIII and XhoI or KpnI endonucleases and directionally cloned into pGL3 
vector (Promega) upstream the firefly luciferase gene. All construct were sequenced on both 
strands to confirm direction and absence of mutations. Primers used for PCR amplification of 
these constructs are listed in Table 1. 
 
2.1.3.3 In silico sequence analysis 
Presence of cis-regulatory elements, i.e. transcription factor binding sites, in the 5’ 
flanking region and intron I of gilthead seabream BMP2 gene, were predicted using 
MatInspector (V7.1; Cartharius et al., 2005) at www.genomatix.de and PATCH (Vpublic 1.0; 
Chekmenev et al., 2005) at www.gene-regulation.com. Sites with scores below 0.75 
(MatInspector) and 0.85 (PATCH) were not considered. Repetitive sequences were identified 
using RepeatMasker software (Vopen-4.0.5) at www.repeatmasker.org. 
 
2.1.3.4 Cell culture and transient transfection assays 
Human embryonic kidney (HEK) 293 cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM; Life Technologies) supplemented with 10% fetal bovine serum 
(FBS; Sigma-Aldrich), 1% of penicillin-streptomycin (Life Technologies) and 1% of L-
glutamine (Life Technologies), and maintained at 37ºC in a 5% CO2 humidified atmosphere. 
Sub-confluent cultures were trypsinized every three days and cells seeded in a 10-cm plate at 
a density of 8.7×105 cells/plate. The day before the transfection, cells were seeded in a 24-



























confluence were transfected with 250 ng of each of the DNA constructs using 1 μl of X-
tremeGENE HP DNA transfection reagent (Roche). When appropriate, expression vectors 
(50 ng; pCMX backbone) containing the coding sequence of zebrafish ETS1 (KF774190), 
CBFβ (KF709197), RUNX3-MASN (AB043789), MEF2Ca (BC059188), MEF2Cb 
(EU825718) and SOX9b (NM_131644), under the control of CMV promoter, were co-
transfected with selected constructs of BMP2 promoter. pRL-null vector (Promega), which 
express Renilla luciferase (Rluc) but lacks promoter and enhancer elements, was used in all 
the transfections (25 ng) to normalize the firefly luciferase (Fluc) activity. After 48 h, cells 
were lysed and luciferase activity was measured using Dual-Luciferase Reporter Assay 
system (Promega) in a BioTek Synergy 4 plate reader. Luciferase activity was determined 
from the ratio Fluc/Rluc. 
 
2.1.4 Results and Discussion 
2.1.4.1 BMP2 gene structure has been conserved throughout evolution 
Sequences of BMP2 gene were collected from several vertebrate species using on-site 
Blast facilities of Ensembl database and their structure was compared with that of the 
gilthead seabream gene, recently cloned in our lab (GenBank accession no. AY679787) and 
with fruit fly DPP gene, the ancestor of vertebrate BMP2 genes (Kingsley, 1994; Fig. 2.1.1). 
Gene structure has been remarkably conserved throughout evolution and orthologs in 
vertebrates and fruit fly share the same simple structure: three exons – including a 5´non-
coding exon – and two introns inserted within the same phase in all species evaluated. 
Although its size is variable (from 246 to 1212 nucleotides), BMP2 5’ non-coding exon has 
been conserved throughout evolution and may work as an additional mechanism of regulation 
(Barrett et al., 2013). The presence of 5’ non-coding exons has been observed in genes which 
transcription is under the control of alternative promoters (Conceição et al., 2008; Banday et 
al., 2012). In mammals, while some studies report the existence of at least two major 
transcription start sites (TSSs) driven by two alternative promoters (Feng et al., 1997; Ghosh-
Choudhury et al., 2001; Sugiura, 1999), others defend the occurrence of a single TSS 
regulated by a single promoter located in the 5’ flanking region of the gene (Helvering et al., 































Figure 2.1.1. Schematic representation of BMP2 gene structure. Exons are displayed as gray boxes 
(non-coding exons) and black boxes (coding exons) and indicated with arabic numbers in gilthead 
seabream scheme, and as thick lines in other species. Introns are displayed as solid black lines and 
indicated with roman numbers in gilthead seabream scheme, and as thin lines in other species. Phase 
of intron insertion is indicated in triangles. Dashed lines indicate translation initiation and termination 
sites (aligned according to gilthead seabream sites ATG and TGA, respectively). Accession numbers 
of BMP2 gene sequences in Ensembl database: Human (Homo sapiens, ENSG00000125845); Mouse 
(Mus musculus, ENSMUSG00000027358); Green anole (Anolis carolinensis, 
ENSACAG00000003113); Zebra finch (Taeniopygia guttata, ENSTGUG00000006434); Spotted gar 
(Lepisosteus oculatus, ENSLOCG00000016442); Zebrafish (Danio rerio, ENSDARG00000041430; 
isoform 2b) and fruit fly (Drosophila melanogaster DPP, FBgn0000490). 
 
Our survey of GenBank and Ensembl databases for BMP2 transcripts with different 
5’ends failed to provide conclusive evidence of alternative promoter usage (results not 
shown). Thus, both the 5’ flanking region and intron I were analyzed in silico for the 
presence of regulatory elements and further tested, independently or in combination, for their 
capacity of regulating luciferase gene transcription. 
 
2.1.4.2 In silico analysis and basal activity of gilthead seabream BMP2 
promoter and intron I 
RepeatMasker software revealed the presence of several repetitive sequences, namely 
T-rich regions, tri and tetra nucleotide repeats, in both 5´flanking region and intron I of 
gilthead seabream BMP2 gene (Fig. 2.1.2). Repetitive sequences, also known as DNA 
satellites, are commonly found in vertebrate genomes (Tomilin, 2008). When discovered, 
repetitive sequences were described as “junk” or “parasitic” DNA (Doolittle and Sapienza, 
1980; Orgel and Crick, 1980), but nowadays they are widely recognized as essential for 
genome function (Shapiro and von Sternberg, 2005). Tandem repeats can vary both in 
number and in length of the repeat unit (Gemayel et al., 2010) and certain types of repeats 
have been associated with protein binding sites, interaction with transcription factors or 



























transcriptional activators of both prokaryotic and eukaryotic promoters (Haque et al., 2004; 
Sohaskey et al., 1999; Nishi and Itoh, 1986; Kube et al., 1999) while some classes of triplet 
DNA repeats were associated with the development of neurodegenerative disorders, such as 
Huntington’s disease and fragile X syndrome (Walker, 2007). 
 
 
Figure 2.1.2. Basal activity of gilthead seabream BMP2 gene promoter constructs in HEK-293 cells. 
Promoter deletion constructs (C1 to C8) are presented on the left side as light gray boxes. Nucleotide 
positions are given according to currently known transcription start site (TSS). White boxes indicate 
repetitive sequences (motif and number of repetitions are indicated on the top of each box). Non-
coding and coding exons are displayed as dark gray and black boxes, respectively. ATG indicates 
translation initiation. Black circles indicate in silico predicted SP1 sites. Luciferase activity 
(Fluc/Rluc; n = 4) is presented as fold change over the activity of promoter less pGL3 basic vector. 
N.A., not active. 
 
Tetranucleotide repeats are among the most common repeats found in the genome of 
vertebrate species, and elevated microsatellite alterations at selected tetranucleotide repeats 
were observed in several types of cancer (Bacolla et al., 2008; Katti et al., 2001). No TATA 
or CAAT consensus sequences were predicted in gilthead seabream BMP2 promoter, 
upstream the TSS, using PATCH software. TATA-less promoters, also known as dispersed 
promoters, are very common in vertebrate genes (Barrett et al., 2013). Several BMP genes 
have been reported to have TATA-less promoters (Kawai and Sugiura, 2001; Hino et al., 
1996; Shore et al., 1998; Simon et al., 2002; Tamada et al., 1998), including human and 
mouse BMP2 genes (Sugiura, 1999; Ghosh-Choudhury et al., 2001). A survey of other BMP2 
genes (i.e. zebra finch, spotted gar, zebrafish and fruit fly; Fig. 2.1.1) failed to identify TATA 
boxes upstream TSS, suggesting that the presence of TATA-less promoters in BMP2 gene is 
a common feature. To further confirm the TATA-less nature of BMP2 promoter, various SP1 



























1991; Smale and Kadonaga, 2003), were predicted using PATCH software in the 5’ flanking 
region and intron I of gilthead seabream BMP2 gene (Fig. 2.1.2). 
In order to evaluate the functionality of these regions in regulating BMP2 transcription, 
5’ flanking region and intron I or only intron I (C1 and C2, respectively; Fig.2.1.2) were 
cloned into pGL3 vector, upstream from the firefly luciferase gene. With the purpose of 
identifying regulatory regions in the 5’ flanking region, several deletion constructs (C3 to C8; 
Fig.2.1.2) were individually transfected into HEK-293 cells and their activity determined 
from firefly luciferase activity measurements normalized with the activity of the promoter 
less pGL3 basic vector. While 5’ flanking region (C3) increased 15 times the luciferase 
activity in HEK-293 cells, intron I (C2) failed to trigger any transcriptional activity, 
indicating that (1) intron I does not have any transcriptional activity, (2) does not function as 
a stand-alone and alternative promoter but as an enhancer/silencer of the main promoter (i.e. 
the 5’ flanking region), or (3) HEK-293 cells are not suitable to study its transcriptional 
activity (e.g. they do not express the necessary factors). Although this should be further 
confirmed, the 3-fold decrease in luciferase activity observed when 5’flanking region and 
intron I were combined (C1) suggest that intron I may serve as a silencer of BMP2 
transcription and in fact, several TF-binding sites were predicted in this region (results not 
shown). 
Transfections of deletion constructs related to the 5’ flanking region (C4-C8) resulted 
in a gradual decrease of luciferase activity that may be linked to the presence of binding sites 
for positive regulators in the deleted promoter regions. At least two enhancers may be present 
in BMP2 promoter, as suggested by the two drops in luciferase activity observed from C4 to 
C5 and from C6 to C7. Although additional studies are required to confirm the presence of 
enhancers in these regions (e.g. site-directed mutagenesis), we propose that the T-rich 
sequence identified through in silico analysis (present in C6 but absent in C7) may be 
responsible for the halving of the luciferase activity observed in C7. 
 
2.1.4.3 RUNX3 and CBFß interact to regulate seabream BMP2 
promoter 
The 5´flanking region of gilthead seabream BMP2 gene was analyzed using 
MatInspector and PATCH online tools, to identify cis-regulatory elements that may be 
involved in its regulation. Several putative binding sites for Runt-related transcription factors 



























and BMP4 gene promoters (Helvering et al., 2000). To evaluate the functionality of these 
sites, promoter constructs were co-transfected with zebrafish RUNX3 (MASN isoform) in 
HEK-293 cells either alone or in combination with zebrafish CBFβ, a transcriptional co-






Figure 2.1.3. Effect of RUNX3 and CBFβ 
on the transcriptional activity of gilthead 
seabream BMP2 gene promoter, determined 
from luciferase activity of promoter 
constructs. A, Schematic representation of 
BMP2 promoter constructs with putative 
RUNX binding sites indicated as gray circles. 
E1, exon 1. B, Luciferase activity (Fluc/Rluc) 
of promoter constructs co-transfected with 
expression vectors carrying zebrafish RUNX3 
or CBFβ in HEK-293 cells. Values are 
presented as fold induction over the basal 
activity of each construct. Gray bars represent 
values that are not significantly different from 
the basal activity. Asterisks and letters indicate 
values significantly different for the same 
construct and between different constructs, 
respectively (one-way ANOVA followed by 
Tukey’s post-test; P<0.05). 
 
RUNX3 expression decreased luciferase activity (1.7 fold in C3, and 1.3 fold in C5, C7 
and C8), suggesting that it may work as a negative regulator of BMP2 transcription. While 
CBFβ expression did not significantly change luciferase activity, the co-expression of 
RUNX3 and CBFβ strongly decreased luciferase expression in C3 (6.7 fold) and in C5, 
although to a lesser extent (2.3 fold). CBFβ cannot bind to DNA and was therefore not 
expected to trigger any change in BMP2 promoter activity. But it is known to efficiently 
mediate the interaction of RUNX family members with the transcription machinery (Blake et 
al., 2000; Wang et al., 1993) and the potentiation of the transcriptional regulation of BMP2 
gene by RUNX3 further confirm the capacity of CBFβ in co-regulating gene transcription. 



























cartilage tissues, CBFβ interacts with RUNX2, enhancing its transactivation capability. 
Similarly RUNX genes were shown to be susceptible to auto- and cross-regulation by RUNX 
family members (Drissi et al., 2000; Spender et al., 2005), an effect further enhanced upon 
addition of its CBFβ partner (Conceição et al., 2013; Simões et al., unpublished data). 
A significant decrease in luciferase activity was observed when the 4 putative RUNX 
binding sites specific for C3 (-1429/-1424; -984/-980; -847/-843; -695/-688), and later on the 
2 sites specific for C5 (-387/-380; -299/-295) were removed, indicating the presence of 
functional responsive elements for RUNX3/CBFβ in the regions -1531/-656 and -656/-294 
regions. Although expression of RUNX3 slightly decreased luciferase activity in C8, co-
expression with CBFβ failed to significantly change it, indicating that the binding site located 
in C7 (-64/-60) is probably not functional. Future studies should aim at identifying the 
functional RUNX sites (e.g. through site-directed mutagenesis of putative DNA binding 
elements) and at confirming RUNX3/CBFβ interaction (e.g. through electrophoretic mobility 
shift assay and chromatin immunoprecipitation assay). 
Besides the well-documented role in neurogenesis and in gastric cancer progression, 
RUNX3 has been shown to be involved in mechanisms of bone and cartilage formation, 
inhibiting RUNX1 expression and potentiating RUNX2 during the process of endochondral 
ossification (Soung et al., 2007). Recently, expression of RUNX3 gene was also shown to be 
up-regulated during tissue mineralization in the notochord of Atlantic salmon (Wang et al., 
2014). Regulation of the transcriptional activity of BMP2, a known regulator of bone 
metabolism, by RUNX3 provides new evidences for the role of RUNX3 in bone and cartilage 
metabolism. 
 
2.1.4.4 MEF2C/SOX9b negatively regulate BMP2 gene transcription 
The presence of several cis-regulatory elements related to MEF2 and SOX9 was also 
predicted in gilthead seabream BMP2 promoter (Fig. 2.1.4A). To evaluate their functionality, 
promoter constructs were co-transfected in HEK-293 cells with vectors expressing zebrafish 
MEF2C (a mixture of zebrafish MEF2Ca and MEF2Cb were used, since both forms 
produced similar results) or SOX9b. Because MEF2C is known to physically interact with 
SOX family members (Agarwal et al., 2011), MEF2C and SOX9b were also co-transfected in 
some experiments (Fig. 2.1.4B). A mild repression (up to 2 fold) of BMP2 promoter activity 


































Figure 2.1.4. Effect of MEF2C, SOX9b 
and ETS1 on the transcriptional activity of 
gilthead seabream BMP2 gene promoter 
determined from luciferase activity of 
promoter constructs. A, Schematic 
representation of BMP2 promoter 
constructs with putative MEF2, SOX9 and 
ETS1 binding sites indicated as circles. E1, 
exon 1. B, Luciferase activity (Fluc/Rluc) 
of promoter constructs co-transfected with 
expression vectors carrying zebrafish 
MEF2C (1:1 mixture of MEF2Ca and 
MEF2Cb), SOX9b or ETS1 in HEK-293. 
Values are presented as fold induction over 
the basal activity of each construct. Gray 
bars represent values that are not 
significantly different from the basal 
activity. Asterisks and letters indicate 
values significantly different for the same 
construction and between different 
constructs, respectively (one-way ANOVA 
followed by Tukey’s post-test; P<0.05). 
 
Co-transfection of both factors did not significantly change luciferase activity but 
deletion of the region containing the two predicted binding sites for SOX9 in C4 abolished 
not only the negative regulation by SOX9b, but also the negative regulation by MEF2C, even 
though no binding site for MEF2C was removed. Although we cannot exclude that in silico 
analysis failed to predict MEF2 binding site(s) in this region, we propose that MEF2C 
regulation of BMP2 gene transcription is SOX9b-dependent, in a way similar to what has 
been reported for COL10A1 gene (Dy et al., 2012). Inhibition in C3 upon individual 



























which expression has been detected at basal levels in HEK-293 cells (Blache et al., 2004). 
The negative regulation by MEF2C/SOX9b was attenuated (1.2 fold) upon deletion of the 
region containing two predicted MEF2C responsive elements (C5). The decrease on 
luciferase activity observed in C4 and C5 upon expression of SOX9b or co-expression of 
MEF2C and SOX9b could be related to the presence of a SOX9 binding site(s) not predicted 
through in silico analysis.  
Both MEF2C and SOX9 factors have been implicated in the regulation of bone and 
cartilage formation (Mackie et al., 2008; Dy et al., 2012). There are also evidences of 
MEF2C and SOX9 being regulators of BMP signaling pathway mediators (Dalcq et al., 2012; 
J Wu et al., 2010) and vice versa, the expression of both transcription factors was shown to 
be regulated by BMP2 (Kawakami et al., 2006; Zheng et al., 2013). In agreement with data 
presented here, Liao and co-workers recently demonstrated that BMP2 expression is lowered 
in SOX9-enhanced chondrogenesis in mouse cells (Liao et al., 2014). Dy and co-authors have 
recently reported a cooperation between SOX9 and MEF2C during cartilage formation (Dy et 
al., 2012), in a way similar to the cooperation reported here. In this study, the stimulation of 
COL10A1 gene transcription by MEF2C was SOX9-dependent, and MEF2C-enhancing 
capacity was lost upon SOX9 inactivation, even after MEF2C overexpression (Dy et al., 
2012) 
 
2.1.4.5 ETS1 enhances BMP2 gene transcription 
Four binding sites for ETS1 were predicted in gilthead seabream BMP2 promoter and 
their functionality was tested through co-transfection in HEK-293 cells of promoter deletion 
constructs and vector expressing zebrafish ETS1 (Fig. 2.1.4C). A 2 fold increase of luciferase 
activity was observed in C3 upon expression of ETS1, indicating that it is a positive albeit 
weakly regulator of BMP2 gene transcription. Deletion of the region containing 3 of the 
responsive elements in C5 and C7 constructs (-1502/-1496; -984/-980; -847/-843) did not 
affect ETS1 transactivation of BMP2 promoter, suggesting that those sites are most likely not 
functional. On the contrary, deletion of the region containing the responsive element located 
in the C8 construct (-64/-60), decreased luciferase activity to basal levels. Although this 
should be confirmed (e.g. through site-directed mutagenesis of the specific DNA binding 
elements), we propose that the -64/-60 binding site is functional and accounts for the totality 
of ETS1 activity. Members of ETS family of transcription factors are expressed at the onset 



























regulating osteogenic and chondrogenic processes in vertebrates (Rosa et al., 2014; Gao et 
al., 2005). Although ETS1 has been shown to cooperate with other regulatory proteins to 
modulate transcription of bone and cartilage related genes – e.g. with RUNX2 to regulate 
osteopontin gene transcription (Miyake et al., 1998), and with retinoic acid receptor to 
regulate RA-induced expression of PTHrP (Karperien et al., 1997) - no cooperation was 
observed in our experimental system. Our data suggest that ETS1 is able to activate seabream 
BMP2 transcription and provides additional evidence towards the osteogenic/chondrogenic 
role of ETS1. 
 
2.1.5 Conclusions 
We have collected within the scope of this work valuable data towards a better 
understanding of the transcriptional regulation of BMP2 gene. The high conservation of 
BMP2 gene structure among vertebrates – in particular the presence of a 5’ non-coding exon 
– and the prediction of similar binding sites for RUNX/MEF2/SOX9/ETS1 transcription 
factors in gilthead seabream and human BMP2 genes suggest that these results, collected in a 
fish system, are probably valid in other vertebrate system, in particular in human. Functional 
analysis of promoter-luciferase constructs suggests that 5’ flanking region contains several 
responsive elements for selected transcription factors and therefore corresponds to a 
functional BMP2 gene promoter, while intron I might contribute to silence promoter activity. 
The functionality of several binding sites for bone and cartilage related factors predicted in 
silico was confirmed in vitro, highlighting the relevance of performing in silico analysis prior 
to functional assays. RUNX3 is a negative regulator of BMP2 gene transcription and its 
activity is enhanced by the co-factor CBFβ. Similarly, SOX9b and MEF2C, in a SOX9-
dependent manner, are also negative regulators of BMP2 gene transcription, while ETS1 
stimulates BMP2 transcription, although weakly. Current knowledge on the transcriptional 
regulation of seabream BMP2 gene promoter has been summarized in Fig. 2.1.5. 
Although the data reported here will require further studies, it provides new evidences 


































Figure 2.1.5. Schematic representation of proposed transactivation of gilthead seabream BMP2 gene 
by RUNX3, CBFβ, MEF2C, SOX9b and ETS1. E1, exon 1. Arrows and intersected lines indicate 
activation and repression, respectively. Fold changes in luciferase activity are indicated above the line 
respective to each transcription factor or pairs of transcription factors. 
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2.2. Mir20a regulates in vitro mineralization and BMP 
signaling pathway by targeting BMP2 transcript in fish 
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MicroRNAs (miRNAs) are important regulators of vertebrate development but their 
role during skeletogenesis remains largely unknown. In this regard, we investigated the 
mineralogenic activity of miR20a, a miRNA associated with osteogenesis, in fish bone-
derived cells. Expression of miR20a was up-regulated during differentiation and its 
overexpression inhibited mineralization, suggesting a role in fish tissue calcification. In this 
regard, a conserved miR20a binding site was identified in bone morphogenetic protein 2 
(BMP2) 3’UTR and its functionality was evidenced through luciferase assays, and further 
confirmed by western blot and qPCR. Type II BMP receptor (BMPR2) is also targeted by 
miR20a in mammalian systems and evidence was collected for the presence of a binding site 
in fish sequences. We propose that miR20a is a regulator of BMP pathway through specific 
action on BMP2 and possibly BMPR2. Overexpression of miR20a was also shown to up-
regulate matrix Gla protein (MGP) transcript, a physiological inhibitor of calcification 
previously found to form a complex with BMP2. We propose that MGP may play a role in 
the anti-mineralogenic effect promoted by miR20a by decreasing availability of BMP2. This 
study gives new insights into miRNA-mediated regulation of BMP2, and sheds light into the 
potential role of miR20a as a regulator of skeletogenesis. 
 
2.2.2 Introduction 
Skeletogenesis is a complex process (Blair et al., 2002; Karsenty and Wagner, 2002) 






























post-transcriptional regulation of skeletal genes has been largely under studied and data on 
the skeletogenic and osteogenic role of microRNAs (miRNAs) is scarce. 
MiRNAs are small non coding RNAs of approximately 22 nucleotides that binds to 
target mRNAs preventing their translation or promoting their degradation (Bartel et al., 
2004). Through their post-transcriptional activity, miRNAs have been shown to regulate a 
broad range of biological processes (Guarnieri and DiLeone, 2008), including skeletogenesis 
as evidenced by defective bone and cartilage formation resulting from conditional 
inactivation of DICER (the enzyme processing pre-miRNA into mature miRNA) in mouse 
osteoprogenitor cells (Gaur et al., 2010) and in chondrocytes (Kobayashi et al., 2008). 
MiRNAs were also shown to specifically affect in vitro differentiation of chondrocytes 
(Martinez-Sanchez et al., 2012), osteoblasts (Martinez-Sanchez et al., 2012; Kapinas et al., 
2009; Luzi et al., 2008; Gaur et al., 2010) and osteoclasts (Sugatani and Hruska, 2007). 
Among those miRNAs, miR20a was recently identified as capable of promoting bone 
cell differentiation by targeting antagonists of the bone morphogenetic protein (BMP) 
signaling pathway in human mesenchymal stem cells (J Zhang et al., 2011). BMP pathway 
participates in osteoblast differentiation and plays a major role in the development of skeletal 
tissues (a mechanism that was shown to be conserved from fish to mammals; Yamaguchi et 
al., 2000; Rafael et al., 2006). Interestingly, a recent study reported the targeting of 
intermediates of the BMP signaling by miR20a in biological systems not related to bone or 
cartilage (Brock et al., 2009; Brock et al., 2012). Available results indicate that miR20a may 
regulate BMP signaling pathway through direct and indirect mechanisms and indicates that 
mechanisms for miR20a action on bone formation are far from being understood. 
Because they share significant similarities with mammals in organ/tissue development, 
bony fish represent a suitable alternative to mammals to investigate mechanisms associated 
with vertebrate development (McGonnell and Fowkes, 2006), in particular skeletogenesis 
(Ingham, 2009). The conservation of miRNA-related mechanisms throughout vertebrate 
evolution (Giraldez et al., 2005; Schier and Giraldez, 2006; Takacs and Giraldez, 2010) also 
indicates the suitability of bony fish in vivo and in vitro models to investigate the role of 
miRNA during skeletogenesis/osteogenesis. 
In this work, the ABSa15 cell line – developed from calcified branchial arches of the 
marine teleost gilthead seabream (Sparus aurata, Linnaeus, 1758) and capable of in vitro 
mineralization (Marques et al., 2007) – was used to investigate the post-transcriptional 






























provided evidence for the role of miR20a in the regulation of skeleton development, thus 
demonstrating the suitability of fish systems to study mechanisms of post-transcription. 
 
2.2.3 Materials and methods 
2.2.3.1 Cell culture and extracellular matrix mineralization 
ABSa15 is a cell line previously developed from calcified branchial arches of the 
marine teleost gilthead seabream (Sparus aurata, Linnaeus, 1758) that is capable of in vitro 
mineralization (Marques et al., 2007), and was recently deposited in the European Collection 
of Cell Cultures (Ref. 13112201; see also Supplementary Fig. S1). ABSa15 were cultured at 
33 ºC in a humidified 10% CO2 atmosphere in Dulbecco’s modified eagle medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS), as described previously for VSa13 and 
VSa16 cells (Pombinho et al., 2004). Human Embryonic Kidney 293 (HEK 293) cells were 
cultured at 37 ºC in a humidified 5% CO2 atmosphere in DMEM supplemented with 10% 
FBS. For mineralization experiments, ABSa15 cells were seeded in 24-well plates at 2 × 104 
cells/well and allowed to proliferate for 1 week. Then, extracellular matrix (ECM) 
mineralization was induced in confluent cultures by supplementing medium with 50 µg/ml of 
L-ascorbic acid, 10mM ß-glycerophosphate and 4mM CaCl2. At appropriate times, mineral 
deposition was revealed through von Kossa staining and quantified by densitometry analysis 
(Pombinho et al., 2004). Culture medium was renewed twice a week.  
 
2.2.3.2 RNA extraction and gene expression analysis 
Total RNA was extracted from cell cultures as described by Chomczynski and Sacchi 
(Chomczynski, 1987) and quantified by UV spectrophotometry (NanoDrop ND-1000). 
Quantitative real-time PCR (qPCR) analysis of miRNAs and mRNAs was performed using 
the StepOnePlus system (Applied Biosystems, Invitrogen). For qPCR analysis of mRNA 
expression, total RNA (1 g) was treated with RQ1 RNase-free DNase (Promega), then 
reverse-transcribed using MMLV-RT (Invitrogen) and oligo-d(T)-adapter primer 
(Supplementary Table 1). PCR amplifications were performed using 10 ng of cDNA, gene-
specific primers (Supplementary Table 1) and SsoFast EvaGreen Supermix (Bio-Rad) 
according to manufacturer instructions. For qPCR analysis of miRNA expression, total RNA 






























Synthesis kit (Invitrogen) according to manufacturer instructions. PCR amplifications were 
achieved using miRNA-specific primers (Supplementary Table 1) and NCode SYBR miRNA 
qRT-PCR kit (Invitrogen). Relative mRNA and miRNA expression was calculated using the 
∆∆Ct method (Pfaffl, 2001) and normalized using expression of three housekeeping genes 
(ribosomal protein L27a (RPL27a), 18S, and β-actin) for mRNAs, and U6 small nuclear 
RNA (U6) for miRNAs. 
 
2.2.3.3 Vector construction 
For luciferase assays, the 3’ untranslated region (UTR) of gilthead seabream BMP2 
transcript was inserted into XbaI site of pGL3 control vector (Promega) downstream of 
firefly luciferase (F-Luc) coding sequence. 3’UTR was amplified from Marathon cDNA 
libraries (Clontech) using gene-specific primers (Supplementary Table S1) and Klen Taq 
Polymerase mix (Clontech). Mutations in polyadenylation signal and miR20a binding sites 
were achieved using 50 ng of pGL3–3’UTR constructs, specific primers containing point 
mutations (designed according to manufacturer instructions; Supplementary Table S1) and 
the QuickChange Lightning Site-Directed Mutagenesis kit (Agilent Technologies). PCR 
reaction was treated with DpnI restriction endonuclease to cut methylated template DNA and 
used to transform XL10-Gold cells (Agilent Technologies) according to manufacturer 
instructions. For miR20a overexpression, oligonucleotides containing forward and reverse 
sequences of zebrafish pre-miR20a (Supplementary Table S1) were annealed then inserted 
into pcDNA6.2-GW/EmGFP-miR vector downstream of GFP coding sequence using the 
BLOCK-iT Pol II miR RNAi Expression Vector kit (Invitrogen). The BMP responsive 
luciferase reporter vector (BRE-Luc) was kindly provided by Dr. Peter ten Dijke 
(Korchynskyi and ten Dijke, 2002). Luciferase 
 
2.2.3.4 Luciferase assays 
HEK 293 cells were seeded in 24-well plates at 8 × 104 cells/well, further cultured for 
14–16 h and transfected with 5 ng of the pGL3–3’UTR construct and 12.5 ng of pRL-TK 
vector (Promega) carrying renilla luciferase gene (RLuc) using 1.5 µl of X-treme GENE HP 
transfection reagent (Roche). When appropriate, 5 ng of pcDNA6.2-miR20a vector was co-
transfected in HEK 293 cells. ABSa15 cells were seeded in 12-well plates at 8 ×  104 






























600 ng of pRL-SV40 vector using 1.5 µl of FuGene HD (Roche). After 48 h, transfected cells 
were lysed and luciferase activities were measured using Dual-Luciferase Reporter Assay 
system (Promega). Relative luciferase activity was determined from the ratio FLuc/RLuc. 
 
2.2.3.5 Establishment of cell clones overexpressing miR20a 
ABSa15 cells were seeded in 6-well plates at 2 × 105 cells/well, further cultured for 
14–16 h and transfected with 2.4 µg of pcDNA6.2-miR20a vector using 3 µl of FuGeneHD 
(Roche). After 24 h, cells were sub-cultured into a 10-cm culture dish containing DMEM 
supplemented with 2 µg/ml of blasticidin (determined as described in the manual of BLOCK-
iT Pol II miR RNAi Expression Vector kit). After approximately 30 days in selective medium 
(renewed once a week), cell colonies expressing GFP were identified using Olympus IX-81 
fluorescence microscope and sequentially sub-cultured into 24-well, 6-well and 10-cm 
culture dishes. 
 
2.2.3.6 Establishment of cell clones overexpressing miR20a 
ABSa15 cells were seeded in 6-well plates at 2×105 cells/well, further cultured for 14-
16 h and transfected with 2.4 g of pcDNA6.2-miR20a vector using 3 l of FuGeneHD 
(Roche). After 24 h, cells were sub-cultured into a 10-cm culture dish containing DMEM 
supplemented with 2 g/ml of blasticidin (determined as described in the manual of BLOCK-
iT Pol II miR RNAi Expression Vector kit). After approximately 30 days in selective medium 
(renewed once a week), cell colonies expressing GFP were identified using Olympus IX-81 
fluorescence microscope and sequentially sub-cultured into 24-well, 6-well and 10-cm 
culture dishes. 
 
2.2.3.7 Protein extraction and western-blot analysis 
Proteins were extracted from cell cultures using lysis buffer containing Tris (50 mM), sodium 
chloride (150 mM), NP-40 (1% m/v), glycerol (10% v/v), magnesium chloride (10 mM), 
sodium orthovanadate (10 mM) and protease inhibitor cocktail (cOmplete, Roche). Protein 
concentrations were determined using the Bradford protein assay (Bio-Rad). Proteins were 
fractioned using 4–12% acrylamide NuPAGE Novex Bis-Tris gels (Invitrogen) and 






























(Invitrogen). The following antibodies were used for western blot: anti-zebrafish BMP2b 
rabbit IgG conjugate (AnaSpec; 1:500 dilution), anti avian ß-actin mouse IgG conjugate 
(Santa Cruz Biotechnology; 1:500 dilution), anti-rabbit IgG peroxidase conjugate (Sigma–
Aldrich; 1:30.000 dilution) and anti-mouse IgG peroxidase conjugate (Sigma–Aldrich; 
1:30.000 dilution). Chemiluminescent signals were detected using the Western Lightning 
ECL kit (PerkinElmer) and Hyperfilm ECL (Amersham, GE Healthcare) then quantified 
through densitometry analysis. 
 
2.2.4 Results and Discussion 
2.2.4.1 Expression of miR20a is up-regulated during in vitro 
mineralization in fish 
Levels of miR20a expression and ECM mineralization were determined by qPCR and 
von Kossa staining, respectively, in confluent cultures of gilthead seabream ABSa15 cells 




Figure 2.2.1. Relative expression of miR20a 
in mineralizing gilthead seabream ABSa15 
cells. Extracellular matrix mineralization was 
induced in confluent cultures by 
supplementing medium with 50 µg/ml of L-
ascorbic acid, 10mM b-glycerophosphate and 
4mM CaCl2. Control cultures were left 
untreated. Expression of miR20a was 
determined by qPCR and normalized using U6 
small RNA expression. Representative 
pictures of von Kossa-stained cultures are 
presented above qPCR data. Asterisks (*) 
indicate values statistically different from 
respective control at specific time of 
mineralization (n≥ 3; Student’s t-test, p < 
0.01). 
 
While expression of miR20a remained basal and constant in control non-mineralizing 






























mineralogenic medium, a period corresponding to the onset of in vitro mineralization, then 
remained constant as ECM mineralization progressed in the following 2 weeks, suggesting a 
role for miR20a in mechanisms of cell differentiation towards a phenotype of ECM 
mineralization.  
 
2.2.4.2 Overexpression of miR20a decreases ECM mineralization and 
the activity of BMP canonical pathway  
To further study this role, clones of ABSa15 cells overexpressing miR20a were 
developed through the stable transfection of pcDNA6.2-GW/EmGFP-miR20a construction. 
Three clones, homogeneously expressing GFP and therefore miR20a (data not shown), were 
isolated and overexpression of miR20a was confirmed by qPCR (6.3, 11.9 and 10.9-fold 




Figure 2.2.2. Effect of miR20a overexpression in 
gilthead seabream ABSa15 cells. Relative 
expression of miR20a (a) ECM mineralization (b) 
and reporter gene analysis of the canonical BMP 
signaling pathway (c) in wild-type cells (WT) and 
clones overexpressing miR20a (OE-1, -2 and -3). 
Expression of miR20a was determined in confluent 
cultures by qPCR and normalized using U6 small 
RNA expression. Mineral deposition was revealed 
after 2 weeks by von Kossa staining and evaluated 
by densitometry analysis. Reporter gene analysis 
was performed in cells transfected with BRE-Luc 
vector containing BMP-responsive elements 
upstream of luciferase gene. Relative luciferase 
activity was calculated as the ratio of firefly and 
renilla luciferase activities (FLuc/RLuc). All values 
in OE clones were statistically different from 
values in WT cells (n≥3; one-way ANOVA, p < 
0.05).  
 
Overexpressing (OE) clones were exposed to mineralogenic cocktail for 4 weeks and 
mineral deposition was evaluated once a week. Onset of ECM mineralization occurred after 2 
weeks of exposure; at that time mineral deposition was significantly reduced by 44, 48 and 






























with those presented in Fig. 2.2.1 suggests that miR20a could have a specific role in early cell 
differentiation, i.e., from 0 to 2 weeks of mineralogenic treatment, progressively inhibiting 
this process and allowing mineralogenic mechanisms to occur. To support this hypothesis, 
ECM mineralization in cells overexpressing miR20a was delayed but not impaired. In fact, at 
later stages of ECM mineralization (3 and 4 weeks), mineral deposition remained lower in 
OE clones than in wild-type cells, but differences were not as accentuated (results not 
shown), indicating a partial recovery. 
It has been recently reported that bone morphogenetic protein (BMP) pathway is 
targeted by miR20a (Brock et al., 2009); BMP pathway is central to osteogenesis, promoting 
osteoblast differentiation and ECM mineralization in fish (Laizé et al., 2009; Tiago et al., 
2008; Tiago et al., 2011; Rafael et al., 2006) and mammals (Rosen, 2009; Laizé et al., 2009), 
and its repression would certainly impair ECM mineralization in ABSa15 cell line. To test 
this hypothesis, wild-type ABSa15 cells and clones OE-1, -2 and -3, were transfected with 
the BRE-Luc vector, a construct recently developed to investigate the activation of BMP 
pathway and where BMP responsive elements (BRE) control the expression of firefly 
luciferase gene (Korchynskyi and ten Dijke, 2002). Luciferase activity was significantly 
reduced in OE clones (Fig. 2.2.2C), indicating that BMP canonical pathway was affected 
upon overexpression of miR20a. 
Expression of miR20a was also silenced in ABSa15 cells using a construct where a 
siRNA against miR20a was cloned into pcDNA6.2-GW/EmGFP vector. Two cell clones 
displaying reduced miR20a expression were isolated and treated for mineralization. 
Surprisingly, no significant changes in ECM mineralization were observed in these clones 
versus wild-type ABSa15 cells (data not shown), suggesting that compensatory mechanisms 
may exist. 
 
2.2.4.3 BMP2 transcripts contain an evolutionary conserved binding 
site for miR20a 
To further investigate the anti-mineralogenic action of miR20a through BMP pathway, 
the 3’UTR of gilthead seabream BMP2 transcript was analyzed in silico for the presence of 
miRNA binding sites. A search in GenBank sequence database using on-site blast facilities 
identified 2 transcript variants different in the length of their 3’UTR (GenBank accession 
numbers AY500244 and JF261172). A canonical polyadenylation signal (AAUAAA) was 






























50% of mammalian protein-coding genes have more than one polyadenylation signal and can 
code for transcripts that differ in their 3’UTR (Yan and Marr, 2005). Since 3’UTRs contain 
binding sites for proteins that regulate mRNA stability (Huntzinger and Izaurralde, 2011) and 
for miRNAs that regulate mRNA translation (Legendre et al., 2006), alternative 
polyadenylation has been associated with post-transcriptional regulation of genes. Thus the 
3’UTR region of the long variant of gilthead seabream BMP2 transcript was searched for 
miRNA binding sites using PITA algorithm (genie.weizmann.ac.il) and respective on-site 
miRNA database. Since PITA database only contained mammalian miRNA sequences, the 
conservation of predicted miRNAs (from mammals to zebrafish) was assessed using 
miRBase (mirbase.org). A binding site for miR20a was predicted with a ∆∆G score of -10.48 
J/mole (sites with a score below -10 J/mole are likely to be functional if miRNA is 
endogenously expressed (Kertesz et al., 2007). BMP2 transcript was further analyzed using 
TargetScanFish release 6.2 (targetscan.org/fish_62), an online tool recently developed to 
search miRNAs binding sites in zebrafish sequences, and the presence of a miR20a binding 
site was confirmed in BMP2 3’UTR.  
 
 
Figure 2.2.3. Prediction of miR20a binding sites in the 3’ untranslated region (UTR) of BMP2 
transcripts using PITA algorithm and TargetScanFish release 6.2. (a) schematic representation of the 
3’UTR of gilthead seabream BMP2 transcript where polyadenylation signals (PA) and miR20a 
binding site are indicated. (b) Sequence logos of the 3’UTR of mammalian, sauropsidian, amphibian 
and fish BMP2 transcripts; miR20a seed region (CACTTT) is indicated on top of the logo and arrows 
indicate nucleotides mutated for functional analysis of miR20a binding; overall height of each letter 
































Although TargetScanFish analysis also predicted the presence of binding sites for other 
members of the miR17 family, which share similar seed regions, low binding energies were 
calculated by PITA for these binding sites, suggesting that they are less likely to bind miRNA 
binding site than miR20a. 
The conservation of miR20a binding site in BMP2 transcripts throughout vertebrate 
evolution, a critical feature in miRNA binding predictions (Massirer and Pasquinelli, 2006; 
Kuhn et al., 2008), was investigated using BMP2-related sequences available in GenBank 
database. Nineteen 3’UTR sequences of mammalian (10), sauropsidian (2), amphibian (3) 
and bony fish (4) BMP2 transcripts were collected, aligned using ClustalW (align.genome.jp; 
Supplementary Fig. S2), then displayed as sequence logos using Weblogo 
(weblogo.berkeley.edu). A remarkable conservation of putative miR20a binding site, in 
particular the seed region, was observed (Fig. 2.2.3B), further evidencing the probable post-
transcriptional regulation of BMP2 by miR20a. A second seed region for miRNAs of the 
miR17 family (including miR20a) was identified in the 3’UTR of mammalian, birds and 
amphibians BMP2 transcripts; it was however absent in fish BMP2 transcripts. Although its 
∆∆G score was low (-6.76 J/mole in human sequence), which may indicate a false positive, 
future studies should aim at determining whether any miRNA of the miR17/92 cluster, in 
particular miR20a, bind to this tetrapod-specific site and whether post-transcriptional 
regulation of BMP2 transcripts has evolved throughout vertebrate evolution towards a tighter 
control by miR17 family. 
Following the report by Brock et al. (Brock et al., 2009) evidencing the presence of a 
binding site for miR20a in the 3’UTR of human BMPR2 transcript, GenBank database was 
searched for vertebrate BMPR2-related sequences. Fourteen sequences were collected 
(mammals (8), sauropsids (3), and bony fish (3)) and aligned using ClustalW. A remarkable 
conservation of miR20a binding site was observed, in particular the seed region 
(Supplementary Fig. S3). Although both PITA and TargetScanFish returned low scores for 
the binding of miR20a to the miRNA site identified in zebrafish BMPR2 transcript, the 
remarkable conservation of the seed region suggests that this site could be functional in fish. 
Although this remains to be demonstrated, we propose that BMP signaling pathway and 
downstream processes are regulated by miR20a through its action on BMP2 but also on 































2.2.4.4 Seabream BMP2 transcript is post-transcriptionally regulated 
by miR20a 
In silico prediction of miRNAs binding sites in BMP2 3’UTR sequences clearly 
indicated miR20a as a strong candidate for the post-transcriptional regulation BMP2. To 
validate this hypothesis, firefly luciferase activity was measured in extracts of HEK 293 cells 
transfected with reporter vector carrying 3’UTR region downstream of luciferase gene and, 




Figure 2.2.4. Interaction between miR20a and the 3’UTR of 
gilthead seabream BMP2 (SauBMP2) transcript. HEK 293 cells 
were transfected with pGL3 vector carrying the 3’UTR of 
SauBMP2 transcript (3’UTR) or the 3’UTR mutated for miR20a 
binding sites (3’UTR mut) downstream of luciferase gene. HEK 
293 cells were also co-transfected with 3’UTR constructs and 
pcDNA6.2 carrying miR20a (3’UTR miR20a) downstream of 
CMV promoter. Relative luciferase activity was calculated as the 
ratio of firefly and renilla luciferase activities. Asterisks (*) 
indicate values statistically different from respective 3’UTR value 
(n≥3; one-way ANOVA, p < 0.05). 
 
Polyadenylation signal upstream of miR20a binding site was mutated to avoid 
premature termination of the fusion transcript. Since miR20a expression was recently 
reported in HEK 293 cells (Tian et al., 2012), possible suppressive effects of endogenous 
miR20a in control conditions were considered in these experiments. While luciferase activity 
of BMP2 construction was slightly reduced (19%) upon miR20a overexpression, it was up-
regulated (62%) upon mutation of the binding site, suggesting a pre-existing repression by 
endogenous miR20a and therefore a post-transcriptional regulation of BMP2 through miR20a 
binding site. Although a slight decrease of luciferase activity was observed upon 
overexpression of miR20a, we could not exclude that other members of the miR17 family, 
which share the same binding sites with miR20a and are expressed at similar levels in HEK 
293 cells (Tian et al., 2012), may also regulate seabream BMP2 transcript. However, as stated 
previously, according to PITA analysis binding of other members of miR17 family to BMP2 
transcript is less probable due to their association to lower binding energies. Nevertheless, to 






























seabream BMP2 were determined in OE clones. In all OE clones, overexpression of miR20a 
resulted in a slight reduction of BMP2 production at 0 weeks (from 18% to 46%; Fig. 2.2.5A) 
and in a strong reduction after 2 weeks (from 80% to 100%; Fig. 2.2.5A).  
A strong reduction (from 60% to 80%) of BMP2 transcript levels (long transcript) was 
also observed after 2 weeks in all OE clones (Fig. 2.2.5B). These data further demonstrated 
the regulation of BMP2 by miR20a and also suggested that miR20a action on BMP2 is 
probably related to mRNA degradation. Due to the lack of a suitable antibody to detect fish 
BMPR2, the action of miR20a on this protein in fish is still unknown. Furthermore, qPCR 
analysis of BMPR2 transcripts in WT ABSa15 cells and OE clones did not reveal any 
significant changes. Data collected in mammalian systems pointed towards the inhibition of 
protein translation (Brock et al., 2009), but whether this mechanism applies also in fish 







Figure 2.2.5. Levels of BMP2 protein production (a) 
and gene expression (b) in wild-type ABSa15 cells 
(WT) and clones overexpressing miR20a (OE-1, -2 
and -3). Production of BMP2 protein was determined 
in cell cultures at time 0 and after 2 weeks of 
mineralization by densitometry analysis of western 
blot signals and normalized using ß-actin signals. 
Expression of BMP2 gene was determined by qPCR 
and normalized using RPL27a housekeeping gene 
expression (n.b. similar expression data were collected 
using 18S and ß-actin housekeeping genes; data not 
shown). Asterisks (*) indicate values statistically 
different from WT (n≥3; one-way ANOVA, p < 0.05). 
 
The role of miR20a in bone formation is far from being understood. On one hand, the 
nature of known targets of miR20a, either identified through this study (BMP2) or identified 
in a previous study (BMPR2; Brock et al., 2009) suggest that miR20a can repress bone cell 






























of MAPK (Beveridge et al., 2009), a pathway that was shown to inhibit bone cell 
differentiation in mammals and fish (Laizé et al., 2009; Tiago et al., 2008; Tiago et al., 2011), 
suggests that miR20a could also promote bone cell differentiation in fish. Accordingly, 
miR20a was recently shown to induce osteogenic differentiation in human mesenchymal 
stem cells (hMSC) through repression of antagonists of BMP pathway BAMBI, CRIM1 and 
PPAR- (R Zhang et al., 2011). In contrast, the role of miR20a in bone formation was further 
investigated in vivo in a study using mouse knockout models for the miR17/92, a cluster of 
miRNAs in which miR20a is included (Ventura et al., 2008). While the development of 
homozygotic miR17/92 knockouts is severely compromised due to lethal cardiac and lung 
defects, heterozygous models showed significantly reduced trabecular and cortical bone 
formation, and impaired osteoblast differentiation (Zhou et al., 2014). Data collected within 
the scope of this work is in favor of miR20a inhibiting bone cell 
differentiation/mineralization through the repression of BMP pathway. This discrepancy 
could be related to distinct regulatory mechanisms in different cell systems: ABSa15 is a 
skeletal cell line established from calcified cartilage of branchial arches of a teleost fish; it 
displays gene expression patterns resembling those of chondrocyte-like cell types, including: 
(i) mild up-regulation of TNAP (tissue non-specific bone-related alkaline phosphatase), 
COL1A1 (type I collagen a1), SPARC (secreted protein acidic cysteine-rich; also known as 
osteonectin) and SOX9a (SRY (sex determining region Y)-box 9a) earlier in differentiation 
and down-regulation later during mineralization; (ii) strong up-regulation of MGP (matrix 
Gla protein) and SPP1 (secreted phosphoprotein 1; also known as osteopontin) from non- 
differentiated to mineralized cells; and (iii) absence of osteocalcin expression in all stages 
(Supplementary Fig. S4). Supporting the dual effect of miR20a, a recent study showed that 
miR17, a miRNA that belongs to miR17/92 cluster and shares the same ‘‘seed’’ and 
predicted targets with miR20a, could either inhibit or promote osteogenic differentiation in 
human periodontal ligament tissue stem cells depending on whether these where collected 
from healthy donors or patients suffering from inflammatory process, respectively (Liu et al., 
2011). Interestingly, this opposite effect was associated with the differential expression of 
SMAD ubiquitin regulatory factor one (SMURF1), a regulator of BMP pathway and a direct 
target of miR17. 
In another study, Brock and colleagues evidenced in human and mouse the post-
transcriptional regulation of the cell surface receptor BMPR2 by miR20a and proposed that 






























pulmonary arterial hypertension (PAH), through the action of BMP signaling pathway on 
endothelial and smooth muscle cell differentiation and matrix formation (Brock et al., 2012; 
Brock et al., 2009). These authors showed that antagonizing miR20a using an antagomiR 
restored BMPR2 mRNA/protein levels and a functional BMP signaling in a mouse model of 
hypoxia-induced PAH (Brock et al., 2012). Consequently disease development was reduced 
and pulmonary arterial haemodynamics were improved in antagomiR20a treated animals 
(Brock et al., 2012). Smad5, an intermediate of BMP signaling pathway, was also proposed 
to be targeted by miR20a but this hypothesis was never confirmed either by luciferase 
reporter assays or western blot analysis (Brock et al., 2012). Interestingly, miR17/92 cluster, 
in particular miR20a, has been shown to repress type II transforming growth factor ß receptor 
(TGFBR2; Li et al., 2012), which is involved in osteogenesis (and chondrogenesis) through 
the action of TGFß signaling on osteoblast recruitment and proliferation, and matrix 
formation (G Chen et al., 2012). Since BMPR2 and TGFBR2 belong to the same cell surface 
receptor family and activate similar transduction pathways, it will be interesting to address in 
future studies the role of their post-transcriptional regulation by miR20a during osteogenesis 
(and in a more general manner during skeletogenesis) and whether a dysregulation of this 
mechanism could lead to bone/skeletal diseases. 
 
2.2.4.4 Overexpression of miR20a up-regulates the expression of the 
matrix Gla protein, a calcification inhibitor 
In order to better understand the underlying mechanisms of miR20a inhibitory role on 
ECM mineralization of ABSa15 cells, expression of several markers of bone cell 
differentiation/mineralization was investigated in wild-type cells and in clones over- 
expressing miR20a. Initially, the expression of each bone-related marker was investigated 
during ECM mineralization of ABSa15 cells, and as mentioned before, this analysis 
suggested a possible association of ABSa15 cells to a chondrocytic lineage (Supplementary 
Fig. S4). After 2 weeks of treatment, when overexpression of miR20a strongly inhibited 
mineral deposition, expression levels of TNAP, COL1A1 and MGP were significantly up-
regulated in all three OE clones, ranging between 3.7–6.4-fold, 3.1–5.5-fold and 2.1–5.1-fold, 
respectively (Fig. 2.2.6), while other bone-related genes did not reach significant differences 
or remained undetected (data not shown). 
The strong up-regulation of MGP, a well known inhibitor of arterial calcification in 






























in fish (Gavaia et al., 2006; Pinto et al., 2003; Simes et al., 2003; Pombinho et al., 2004), 
could explain miR20a inhibitory effects in ABSa15 cell mineralization. In mammalian 
systems, MGP was demonstrated to bind BMP2 and prevent its association with BMPR2, 
which is necessary for the activation of BMP pathway and consequent stimulation of bone 
formation (Zebboudj et al., 2002; Wallin et al., 2000). Furthermore, in calcifying vascular 
cells this mechanism involved a feedback control regulation, where MGP expression levels 
appear to be negatively correlated with BMP2 availability (Zebboudj et al., 2003). Therefore, 
an up-regulation of MGP in ABSa15 OE clones is likely to increase its binding to BMP2 and 
thus contribute to block BMP pathway, enhancing the effect of post-transcriptional regulation 
of BMP2 by miR20a. 
 
 
Figure 2.2.6. Levels of alkaline phosphatase (TNAP), type I collagen a1 (COL1A1) and matrix 
Gla protein (MGP) gene expression in mineralizing wild-type ABSa15 cells (WT) and clones 
overexpressing miR20a (OE-1, -2 and -3). Gene expression was determined after 2 weeks of 
mineralization by qPCR and normalized with RPL27a housekeeping gene expression (n.b. similar 
expression data were collected using 18S and ß-actin housekeeping genes; data not shown). Asterisks 
(*) indicate values statistically different from WT (n≥3; one-way ANOVA, p < 0.05). 
 
Regarding TNAP and COL1A1, these are promoters of ECM formation and 
mineralization (Murshed et al., 2005) and it is therefore difficult to explain the anti-
mineralogenic effect of miR20a through their up-regulation. Since data available on literature 
regarding regulation of TNAP and COL1A1 by miR17/92 is still contradictory (Zhou et al., 
2014), this effect should be addressed in future studies. 
 
2.2.5 Conclusions 
We present here novel data (i) describing the up-regulation of miR20a during ECM 
mineralization of a fish mineralogenic cell line (ABSa15), (ii) evidencing the anti-






























by miR20a, (iv) identifying binding sites for miR20a in the 3’UTR of gilthead seabream 
BMP2 and zebrafish BMPR2 transcripts that were conserved in vertebrate and (v) 
demonstrating the post-transcriptional regulation of BMP2 by miR20a (binding site in 
BMPR2 transcript may also be active but this remains to be demonstrated). We propose that 
low levels of expression of miR20a in undifferentiated cells may account for a higher activity 
of BMP signaling and consequent osteogenic differentiation. Then, in the course of ECM 
mineralization, miR20a becomes more expressed to inhibit this process through BMP2 (and 
possibly also BMPR2) regulation (Fig. 2.2.7).  
 
 
Figure 2.2.7. Putative mechanisms of action for miR20a anti-mineralogenic effect. Arrows and 
intersected lines indicate activation and repression, respectively. Solid arrows indicate pathways 
likely to be activated during differentiation of ABSa15 cells. Dashed arrows indicate pathways most 
probably not activated in ABSa15 cells. Smads 1, 5, 8 and 4 are intermediates of the BMP canonical 
pathway. TAK1 (TGFß-activated kinase 1) is an intermediate of the BMP non-canonical pathway. 
MAPK, MAPKK and MAPKKK are intermediates of the mitogen-activated protein kinase (MAPK) 
pathway. 
 
Alternative mechanisms of action, such as activation of MAPK pathway either directly by 
miR20a or indirectly through non-canonical BMP pathway, cannot be excluded but remain to 
be demonstrated in ABSa15 cells. Furthermore, effect on MGP suggests that this protein is 
likely to play a role in the inhibitory mechanism observed. Results obtained from previous 
studies combined with data hereby demonstrated, suggest that miR20a preferentially targets 
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MGP was initially described as a contaminant of BMP2 purification from demineralized bone 
matrix. During the last decades several studies proposed that both proteins may interact and 
that this interaction may affect the osteoinductive capacity of BMP2 and therefore represent 
another level on BMP2 signaling modulation. Our initial idea was to further investigate 
BMP2-MGP interaction in a fish system and to identify residues/domains responsible for the 
binding of the two proteins, using a luciferase reporter construct (BRE-Luc), previously 
validated in mammalian systems. While we could demonstrate the functionality of the BRE-
Luc construction in gilthead seabream skeletal cell line and its suitability to study the 
transduction of BMP2 signal, we failed to evidence a negative effect of MGP on BMP2 
signaling activation. Data presented here are not conclusive of BMP2-MGP interaction and 




















CHAPTER 3. CHARACTERIZATION OF BMP2-MGP 
INTERACTION 
 
3.1 Identification of the domains involved in bone 
morphogenetic protein (BMP) 2 and matrix Gla protein 
(MGP) interaction 
 
Cátia L. Marques 




Bone-related diseases are considered a major health problem, affecting millions of 
people worldwide. BMPs are secreted proteins that act as bone inducers and have proven to 
be essential for tissue mineralization. Among the BMP family members, BMP2 has 
demonstrated remarkable osteogenic properties by inducing osteoblasts differentiation. 
However, mechanisms underlying BMP2 regulation are far from being understood. MGP is a 
small matrix protein initially purified from bone as a contaminant of BMP2. The two proteins 
were found to be physically associated and the calcification inhibitory role of MGP is thought 
to be related with its interaction with BMP2. Although evidences point to the involvement of 
MGP Gla residues in the binding, no conclusive results have been reported. In this work we 
have used the BRE-Luc system as a tool to characterize residues involved in BMP2-MGP 
binding. In our fish system this approach, although functional, was shown to be unsuitable to 
study protein-protein interactions since the effect observed with the negative controls was 
similar to the effect observed when using MGP, indicating an unspecific response. In future 
works we propose to use an alternative and direct method, i.e. protein-fragment 






















Bone morphogenetic proteins (BMPs) form the largest group of proteins in TGFβ 
superfamily of cytokines and growth factors (Katagiri and Tsukamoto, 2013) and to date 
more than 20 members have been described and characterized (Modica and Wolfrum, 2013). 
BMP2 is most probably the best studied member of this family due to its pleiotropic action 
and involvement in the regulation of various physiological processes, from embryonic 
patterning and organogenesis to bone metabolism (reviewed in Hogan, 1996). As for all BMP 
proteins, BMP2 is synthetized as a large precursor composed of a signal, a pro and a mature 
peptides (Shimasaki et al., 2004). After signal peptide removal, the pro and mature domains 
undergo dimerization and are sequentially processed into the dimeric biological form by 
members of the subtilisin-like convertase family, which recognize the optimal RXR/KR or 
the minimal RXXR sequences present just before the mature peptide (Constam and 
Robertson, 1999; de Caestecker, 2004). Once processed into the active mature form, BMP2 is 
secreted outside the cell into the extracellular compartment (Ducy and Karsenty, 2000). In 
order to exert its function the dimeric form of BMP2 binds to type I BMP receptors (BMPRI) 
present at the cell surface and recruit type II BMP receptors (BMPRII) that will 
phosphorylate the serine and threonine residues on type I receptors. Activated type I 
receptors are then responsible for the transduction of BMP signaling through mothers against 
decapentaplegic homologs (SMADs) intermediates to the nucleus, where regulation of target 
genes will occur (Balemans and Van Hul, 2002; Marcellini et al., 2012). 
Due to its wide range of functions and critical role in animal physiology, BMP2 protein 
is regulated at various levels and several modulators of BMP2 activity have been described 
(Yanagita, 2005), including the matrix Gla protein (MGP; Zebboudj et al., 2002). MGP is a 
small extracellular matrix protein, member of the vitamin K-dependent family, also known as 
Gla (γ-carboxyglutamate) proteins (Cancela et al., 2014). Members of this family undergo a 
post-translational modification, where glutamate (Glu) residues are converted to Gla residues 
by the γ-glutamyl-carboxylase (Schurgers et al., 2013). Price and Williamson (1985) reported 
the co-purification of MGP and BMP2 from bone demineralized extracts, suggesting a 
physical association between the two proteins. MGP is a known calcification inhibitor and, 
although mechanisms of action are not fully understood at the molecular level, it has been 
proposed that MGP may prevent soft tissue calcification by binding to BMP2 and inhibiting 
BMP2-related induction of osteogenic differentiation and mineralization (Boström et al., 




















immunoprecipitation studies (Zebboudj et al., 2002) and although γ-carboxylated residues in 
MGP have been proposed as important mediators in MGP-BMP2 interaction (Sweatt et al., 
2003), conclusive evidences are still missing, mostly due to the lack of a suitable system. 
The aim of this study was to characterize BMP2-MGP interaction by identifying 
contributing residues/domains in both proteins. BMP responsive element reporter assay 
(BRE-Luc; Korchynskyi and ten Dijke, 2002) was used to evaluate the effect of BMP2-MGP 
interaction on BMP2-specific activation of BMP signaling using mineralogenic fish-derived 
cells. In this system, previously used in mammalian cells to demonstrate and characterize 
BMP4-MGP interaction (Yao et al., 2008), BMP2 protein should, after expression and 
secretion, bind the corresponding receptors and induce luciferase activity through the BMP 
signaling cascade (Fig. 3.1A). When added to the system, MGP should bind BMP2 and 
consequently repress the BMP2-induced luciferase activity (Fig. 3.1B), allowing binding 
capacity assessment. Residues and/or domains involved in BMP2-MGP binding will be also 
identified by introducing mutations in the specific sequences coding for particular residues on 
the MGP protein (e.g. Gla residues from the Gla domain and Serine residues from the 
phosphorylation domain).  
 
 
Figure 3.1 – Schematic representation of BRE-Luc system, where luciferase activity depends on the 
activation of BMP-responsive elements by BMP signaling pathway. (A) System is activated upon 
BMP2 production from expression vector, secretion in the extracellular compartment, and binding to 
BMP receptors on the cell surface, which will trigger a signaling cascade responsible for transducing 
the signal to the nucleus where luciferase will be produced. (B) System is deactivated upon MGP 
production from expression vector and binding to BMP2, thus preventing the activation of BMP 
signaling pathway and consequently the production of luciferase. BMPRI, BMP receptor type I; 





















3.1.3 Materials and methods 
3.1.3.1 Cell culture maintenance  
ABSa15 cells (ECACC catalogue no. 13112201; Tiago et al., 2014) were cultured in 
Dulbecco’s Modified Eagle Medium (DMEM; Life technologies), supplemented with 10% of 
fetal bovine serum (FBS; Sigma-Aldrich), 1% of penicillin-streptomycin (Life technologies), 
1% of L-glutamine (Life technologies) and 0.2% of fungizone (Life technologies) and 
maintained at 33ºC in a 10% CO2 humidified atmosphere. 
 
3.1.3.2 Transfection assays 
The day before the transfection ABSa15 cells were seeded in 24-well plate, at a density 
of 4×104 cells per well, and cultured for an additional 16 h in the same conditions. Cultures 
at 60-80% of confluence were transfected with BRE-Luc vector (BMP-responsive element 
driving the expression of the firefly luciferase; Korchynskyi and ten Dijke, 2002) using 1 μl 
of X-tremeGENE HP DNA transfection reagent (Roche). When appropriate, expression 
vectors (pcDNA3 backbone) containing the coding sequence of gilthead seabream BMP2, 
MGP, insulin-like growth factor 1 (IGF1) and osteocalcin 1 (OC1) under the control of CMV 
promoter, were co-transfected with BRE-Luc vector (pcDNA3-IGF1 and pcDNA3-OC1 
expression vectors were constructed in M.L. Cancela’s laboratory by D. Tiago and D. Molha, 
respectively). pRL-SV40 vector (Promega), expressing Renilla luciferase (R-luc) under the 
control of CMV promoter, was used in all the transfections (200 ng) to normalize the firefly 
luciferase (F-luc) activity and empty pcDNA3 vector was used to keep the amount of DNA 
constant during cell transfections. After 48 h, cells were lysed and luciferase activities were 
measured in a BioTek Synergy 4 plate reader using Dual-Luciferase Reporter Assay system 
(Promega). Relative luciferase activity was determined from the ratio F-Luc/R-Luc and 
results presented as the fold change over BRE-Luc vector (for BMP2) or BRE-Luc+BMP2 
(for MGP, IGF1 and BGP). 
 
3.1.4 Results and Discussion 
In order to validate the BRE-Luc reporter system in fish (it has been developed for 




















vector and pcDNA3-BMP2 vector expressing gilthead seabream BMP2 (Fig. 3.2A). 
Seabream BMP2 was able to induce luciferase activity demonstrating that it could bind to 
BMPR and activate BMP signaling pathway but also indicating a conservation of both the 
BMP signaling pathway and the BMP responsive elements throughout evolution. It also 
validated the use of our fish system to study BMP2-MGP interaction. To test the 
responsiveness of the system and determine the optimal amount of BRE-Luc and pcDNA3-
BMP2 vectors to use in the experiments, different quantities of the two vectors were 




Figure 3.2 – Relative luciferase activity 
upon co-transfection of BRE-Luc 
reporter vector with BMP2 (A) or 
BMP2/MGP (B). ABSa15 cells were 
first co-transfected with different 
amounts of BRE-Luc and pcDNA3-
BMP2 vectors to validate BRE-Luc 
system in a fish environment and 
determine optimal vector 
concentrations. BMP2-MGP interaction 
and inhibition of BMP2 signaling 
pathway by MGP was evaluated 
through co-transfection of pcDNA3-
BMP2 and pcDNA3-MGP expression 
vectors. Vectors expressing insulin-like 
growth factor1 (pcDNA3-IGF1) and 
osteocalcin 1 (pcDNA3-OC1) were used 
as negative controls. Numbers inside the 
bars indicate fold changes over BRE-
Luc vector (panel A) or over BRE-Luc 
+ pcDNA3-BMP2 vectors (panel B). 
Asterisk indicate values significantly 
different from control (one-way 
ANOVA followed by Dunnett’s post-
test; P<0.05). 
 
A 9-fold induction of luciferase activity was observed, independently of the amounts of 
pcDNA3-BMP2 and BRE-Luc vectors used.  
Since it is always preferable to transfect cells with the lowest possible amounts of DNA 
and because lowest variations in luciferase values were achieved with these amounts, 100 ng 




















The capacity of MGP to inhibit BMP2 activity was evaluated through co-transfection of 
pcDNA3-BMP2 and BRE-Luc vectors with different amounts of pcDNA3-MGP expression 
vector (Fig. 3.2B). A slight decrease of luciferase activity was observed upon co-transfection 
with pcDNA3-MGP expressing vector, possibly indicating an inhibition by MGP of BMP2-
induced luciferase activity. However, this inhibition was somehow weak in light of the results 
reported by Yao and co-workers (Yao et al., 2008) and this could be a consequence of an 
insufficient γ-carboxylation of MGP in ABSa15 cells (although -glutamyl carboxylase is 
produced endogenously in these cells we are not sure that the levels are sufficient to induce a 
correct gamma carboxylation when MGP is overexpressed) or a lack of responsiveness by 
our cell system (forced protein production of BMP2 and MGP under the control of CMV 
constitutive promoter can overload the cellular machinery and affect cell fitness and 
consequent luciferase expression). Following this reasoning, it is also possible that decrease 
in luciferase activity was not MGP specific but resulted from altered cell fitness upon 
delivery of massive DNA content (approximately 1 μg) into the ABSa15 cells. To test this 
hypothesis, ABSa15 cells were co-transfected with 500 ng of pcDNA3 vectors expressing 
IGF1 or OC1 (Fig. 3.2B), two proteins not reported to interact with BMP2. Both proteins 
slightly decreased luciferase activity to levels similar to those observed upon MGP co-
transfection, confirming that MGP had probably no direct effect on induction of BMP 
signaling pathway in our system. Given the published data on BMP2-MGP interaction 
(Zebboudj et al., 2002) and on the validation of Bre-Luc approach to study protein-protein 
interaction (Yao et al., 2008), we have to question the functionality of our fish system. While 
BMP2 expression from pcDNA3 vector and production by cell machinery has been 
demonstrated by the strong increase of luciferase activity (therefore confirming the 
functionality of CMV promoter in fish cells), MGP expression and production has not been 
confirmed. Since the same cloning strategy and vector were used to prepare BMP2 and MGP 
constructs we assume that MGP protein was being overexpressed in ABSa15 cells, however 
this should be confirmed (e.g. by western blot or immunocytochemistry). Posttranslational 
modification of BMP2 (N-glycosylation) and MGP (phosphorylation/-carboxylation) are 
critical to protein function. While non-glycosylated BMP2 is still functional, although to a 
lower extent (Ruppert et al., 1996; P C Bessa et al., 2008), unphosphorylated or 
uncarboxylated MGP loses its functionality and fails to prevent soft tissue calcification as 
demonstrated by (Murshed et al., 2004). Although this should be confirmed (e.g. by 




















antibodies), we believe that over-produced MGP may be under- or uncarboxylated in 
ABSa15 cells and alternative cell systems with a higher capacity of γ-carboxylation (e.g. 
liver-derived cells) should be tested. Although it would increase the DNA load, ABSa15 cells 
could also be co-transfected with a vector expressing gilthead seabream -glutamyl 
carboxylase, in order to increase their carboxylation capacity. Finally, the use of purified 
BMP2 and MGP proteins instead of cDNA-expression vectors should also be considered, to 
overcome possible issues related with posttranslational modifications and DNA overload of 
the cells. Alternatives to the use of the BRE-Luc system are also available. For example, 
protein-fragment complementation assays (PCAs) have been described as powerful systems 
to study protein-protein interactions (Michnick et al., 2007; Remy and Michnick, 2006). In 
this approach, proteins of interest are fused with fragments of Gaussia princeps luciferase, 
which when brought to proximity through the association of the two interacting proteins, are 
able to reconstitute enzyme activity and produce a quantitative signal. 
In conclusion, we were able to demonstrate BRE-Luc system functionality in ABSa15 
cells and to confirm that seabream BMP2 is an effector of the BMP signaling pathway. 
Unfortunately, for reasons that remain to be identified, we failed to show that MGP interacts 
with BMP2 and is therefore a direct regulator of BMP signaling pathway. In the future, we 
propose to either modify the current cell system to improve posttranslational capacity, to use 
purified and fully functional proteins instead of overexpressing them or to use alternative 
methods (e.g. PCAs) to characterize BMP2-MGP interaction and identify residues 
contributing to this interaction. 
 
3.1.5 Acknowledgments 
We thank D. Tiago and D. Molha for the pcDNA3-IGF1 and pcDNA3-OC1 expression 
vectors, respectively and Dr. Peter ten Dijke (Leiden University Medical Center, Leiden, The 







Chapter 4  
COMPARATIVE ANALYSIS OF  















































BMPs have been divided into subfamilies according to their primary structure and 
function. Until recently, BMP2 and BMP4 were the founding and only members of BMP2/4 
subfamily, however in 2009, a new member, named BMP16, was assigned to this subfamily 
based on its high homology with both BMP2 and BMP4. This chapter is divided in two parts 
that are based on manuscripts that address the evolutionary relationship of BMP2, BMP4 and 
BMP16 but also compare structural and expression data in an attempt to get insights into 
protein specificity and gene regulation. In the first manuscript, published in the Journal of 
Applied Ichthyology, taxonomic distribution was investigated in a particular taxonomic 
group (Teleostei) and spatiotemporal expression data were collected from the marine teleost 
Senegalese sole. In the second manuscript, submitted to Cellular and Molecular Life 
Sciences, molecular phylogeny was inferred from genomic data collected in the major 
vertebrate taxa, while structural data (from protein modeling), functional data (from BRE-
Luc reporter assay), expression data (during development and in adult tissues) and regulatory 























CHAPTER 4. COMPARATIVE ANALYSIS OF FISH BMP2, 
BMP4 AND BMP16 AT GENE AND PROTEIN LEVELS 
 
4.1 Spatiotemporal expression and retinoic acid regulation 
of bone morphogenetic protein (BMP) 2, 4 and 16 in 
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Bone morphogenetic proteins (BMPs) are involved in various physiological processes 
from early life stages throughout adulthood. Specific characteristics of BMPs have been used 
to define different subfamilies and BMP2/4 subfamily (composed of BMP2 and BMP4) has 
been linked to osteogenesis and skeleton development. BMP16 was recently identified as a 
new member of the BMP2/4 subfamily and reported as a teleost fish-specific form. In this 
work, we collected a comprehensive set of ray-finned fish BMP2, BMP4 and BMP16 
sequences and demonstrated, through its presence in Holostei, that BMP16 is not restricted to 
teleost fish genome. Comparative analysis of BMP2, BMP4 and BMP16 primary structures 
revealed that most of the residues required for protein stabilization, dimer formation, 
glycosylation and receptor binding are substantially conserved between the three proteins, 
suggesting that BMP16, BMP2 and BMP4 may share similar mechanisms of action. In 
contrast, comparative analysis of gene expression profiles during Senegalese sole 
development revealed differences in onset and extent of gene expression, indicating that 
BMP16, BMP2 and BMP4 may contribute to different developmental and physiological 























expression by retinoic acid, a known regulator of skeletal development, suggests that BMP16 
shares with BMP2 and BMP4 a role in bone metabolism and skeletal development. This 
study provides new insights into the taxonomic distribution and the spatiotemporal 
expression of BMP16 gene, and suggests that it may share structural and functional 
similarities with other members of the BMP2/4 protein subfamily. 
 
4.1.2 Introduction 
Bone morphogenetic proteins (BMPs) are members of the transforming growth factor 
beta (TGFβ) superfamily of multifunctional growth factors, initially described as bone 
inducers (Wozney et al., 1988). To date, more than 20 members of the BMP family have 
been identified and new functions, not related to bone formation, have been reported (Chen et 
al., 2004; Wu and Hill, 2009). BMPs are synthesized as long inactive precursors and 
processed, through sequential cleavage, by members of the subtilisine-like convertases 
(SCPs) family, at optimal (RXK/RR) and minimal (RXXR) sites (Heng et al., 2010; Akiyama 
et al., 2012). The resulting mature and biological active forms are capable of modulating 
various cellular processes through their binding to BMP receptors (BMPRs) (Canalis et al., 
2003; X Wang et al., 2012). BMPs have been divided into subgroups according to their 
primary amino acid sequences, and the subfamily formed by BMP2 and BMP4, homologs of 
the fly decapentaplegic (DPP) protein, was the first to be identified and characterized 
(Wozney et al., 1988; Kingsley, 1994). Although both proteins were associated to 
mechanisms of bone and cartilage formation (Nishimura et al., 2008), BMP2 and BMP4 have 
also been implicated in several important embryonic processes (e.g. gastrulation, neural 
patterning and gut development, reviewed by Hogan, 1996). Most likely, due to their high 
degree of conservation throughout evolution, members of the BMP2/4 subfamily are 
interchangeable, e.g. the drosophila protein DPP can induce endochondral bone formation 
when introduced subcutaneously in mouse (Sampath et al., 1993) while the mammalian 
BMP4 is able to rescue the dorsal-ventral defects resulting from the lack of DPP in 
drosophila (Padgett et al., 1993). Also, mechanisms of regulation of BMP signaling by 
retinoic acid seem to be conserved (Sheng et al., 2010), evidencing the remarkable 
conservation, both in structure and function of members of this family. Recently a new 
member of this sub-family has been identified and named BMP16. It was reported to be 
teleost fish-specific and presumed to have appeared from a duplication event that occurred 























from ray-finned fish 450 million years ago (Feiner et al., 2009). BMP16 gene expression was 
also evaluated and mainly detected in the developing heart, gut epithelium and swim bladder. 
This study aims at providing new data on the occurrence of BMP2, BMP4 and BMP16 
throughout vertebrate taxonomy but also on the conservation of mature peptides in ray-finned 
fish. Gene expression profiles will also be investigated during development and in adult 
tissues of Senegalese sole Solea senegalensis, while regulation upon exposure to all-trans 
retinoic acid (atRA) will be determined using a mineralogenic cell culture established from 
vertebra of Senegalese sole. Similar data will be collected for BMP2 and BMP4 and 
compared with those of BMP16 in order to evidence expression patterns and structural 
differences and/or similarities. 
 
4.1.3 Materials and methods 
4.1.3.1 Sequence collection and reconstruction 
BMP2, BMP4 and BMP16 sequences were retrieved from GenBank (ncbi.nlm.nih.gov) 
and Ensembl (ensembl.org) databases using on-site BLAST facilities, or reconstructed from 
expressed sequence tags (EST), genome survey sequences (GSS), whole genome shotgun 
(WGS) sequences and transcriptome shotgun assembly (TSA). Species-specific sequences 
were clustered and assembled using the ContigExpress module, from Vector NTI version 9 
(Invitrogen), to generate, after manual correction, highly accurate consensus sequences. 
Virtual transcripts were deduced from joined consensus sequences using stringent overlap 
criteria. 
 
4.1.3.2 Multiple sequence alignment and sequence logos 
Distinct alignments of BMP2, BMP4 and BMP16 sequences were performed using T-
Coffee facilities at tcoffee.org (Notredame et al., 2000). Manual adjustments were done to 
improve sequence alignments. Sequence logos were created using Weblogo facilities at 
weblogo.threeplusone.com (Crooks et al., 2004). Sequence logos are presented as graphical 
display, where the height of each letter is directly proportional to its conservation, with the 

























4.1.3.3 Larval rearing and sampling 
Senegalese sole eggs were obtained from natural spawning of farmed broodstock from 
the Aquaculture Research Station of the National Institute for the Sea and Atmosphere 
(EPPO-IPMA, Olhão, Portugal) and transferred to the CCMAR fish facilities. Environmental 
parameters were maintained as follows: water temperature 19.9 ± 1.2°C; salinity 36.9 ± 1.2 g 
L-1; dissolved oxygen > 6 mg L-1; photoperiod 12:12 h light:dark cycles. Hatched larvae were 
reared in 100-L tanks at a density of 100 larvae L-1. After settlement (19 days post-hatching, 
dph), larvae were transferred to 3-L flat bottom plastic trays at a density of 40 larvae L-1. 
Larvae were progressively fed, three times a day, with live preys: rotifers (Brachionus 
rotundiformis) from 2 to 10 dph, Artemia nauplii (AF strain; Salt Lake) from 6 to 10 dph and 
Artemia metanauplii (EG strain; Salt Lake) enriched with Easy DHA SelcoTM (INVE 
Aquaculture) from 9 to 17 dph. The same Artemia metanauplii, but immediately frozen after 
enrichment, were provided to the larvae from 18 dph until the end of the experiment (30 
dph). 
Fish eggs and larvae were sampled from 2 hours post-fertilization (hpf) to 30 dph. A 
total of 60 eggs and up to 20 larvae, depending on their size, were collected for RNA 
extraction. Several tissues (spleen, eye, brain, testis, ovaries, muscle, bone, skin, liver, heart, 
kidney, branchial arches and intestine) were sampled and pooled from 3 adult fish. All fish 
were anesthetized with a lethal dose of Tricaine methanesulfonate (MS-222, Sigma-Aldrich) 
and washed with sterile distilled water before sampling. Specimens and tissues collected for 
gene expression analysis were placed in 10 volumes of TRI-Reagent (Ambion) and stored at -
80 ºC until processed. 
 
4.1.3.4 Cell culture maintenance and exposure to retinoic acid 
SS1C cell culture was developed from vertebra of Senegalese sole as described in 
Marques et al., 2007 and maintained in Leibovitz’s L-15 medium supplemented with 10% 
fetal bovine serum (Sigma-Aldrich), 1% gilthead seabream Sparus aurata serum (Rosa et al., 
2010) and 1% antibiotics/antimycotics. Cell cultures were incubated at 22ºC in a humidified 
atmosphere and sub-divided every 3-4 days. Unless otherwise stated, cell culture reagents 
and plasticware were from Invitrogen and Sarstedt, respectively. Sub-confluent cultures of 























of DMSO (vehicle), washed 3 times in ice-cold phosphate-buffered saline, scrapped and 
stored in TRI-Reagent. 
 
4.1.3.5 RNA extraction and quantitative real-time PCR 
Total RNA was extracted from samples stored in TRI-Reagent following manufacturer 
instructions and purified using the High Pure RNA Isolation kit (Roche Applied Science). 
RNA integrity was confirmed using Experion Automated Electrophoresis system (Bio-Rad) 
and quantity was determined using NanoDrop spectrophotometer (Thermo Scientific). Total 
RNA (1 µg) was reverse-transcribed for 1 h at 37ºC, using M-MLV reverse transcriptase 
(Invitrogen), oligo-d(T) primer and RNase OUT (Invitrogen). All quantitative real time PCR 
(qPCR) reactions were performed in triplicates using SsoFast EVAgreen Supermix (Bio-
Rad), 0.25 μM of isoform-specific primers designed according to sequences available in 
GenBank (Table 4.1.1) and 1:10 dilution of reverse transcribed RNA, in the StepOnePlus 
Real-Time PCR system (Applied Biosystems). 
 
Table 4.1.1 GenBank accession numbers of Senegalese sole BMP2, BMP4, BMP16 transcripts and 




Primer sequence (5’-3’) 
BMP2 KF147830 Forward  GGGCCGGAGGAAATACAGCGAATCC 
Reverse  CTTGCTTGCTCGGCGTCGGTCT 
BMP4 KF147828 Forward  CCAAGTCCTGCTGGGAGAGAGCAAC 
Reverse  GCAGTTCATGGCTCTGACGGGC 
BMP16 KF147829 Forward  TTCCTCCTTGTCGCAGGCACC 
Reverse  TACCGAGGCACTGGCACTCCG 
18S AM882675 
Forward  GAATTGACGGAAGGGCACCACCAG 
Reverse  ACTAAGAACGGCCATGCACCACCAC 
 
 
PCR amplification was as follows: an initial denaturation step of 1 min at 95ºC and 40 
cycles of amplification (5 s at 95ºC and 10 s at 65ºC). A calibrator sample (cDNA pooled 
from all samples) was included in each qPCR plate (Derveaux et al., 2010). Efficiency of 
amplification was between 96-104% for all primer sets. Levels of gene expression were 
calculated using the ΔΔCt comparative method (Pfaffl, 2001) and normalized using 18S 
ribosomal RNA levels. Gene expression at 24 hpf and in testis were set to 1 and used as 
























4.1.4 Results and discussion 
4.1.4.1 Bone morphogenetic protein 16 is not teleost specific 
Sequences showing significant similarity to BMP2, BMP4 and BMP16 genes or 
transcripts were retrieved from public sequence databases, i.e. NCBI and Ensembl, using on-
site blast facilities and multiple query sequences. In some cases, transcripts and genes were 
reconstructed from EST and TSA sequences, and from GSS and WGS sequences, 
respectively. 
Three copies of a BMP2/4 ortholog, present in invertebrate genomes as a single copy, 
were found in lampreys (Agnatha; Fig. 4.1.1).  
 
 
Figure 4.1.1 Occurrence of bone morphogenetic proteins 2, 4 and 16 throughout vertebrate 
taxonomy. Presence/absence of BMP2, BMP4 and BMP16 (circled 2, 4 and 16, respectively) were 
inferred from sequence data collected from NCBI and Ensembl sequence databases. Circled 2a and 
2b, Ostariophysi-specific BMP2 homologs; Circled 2/4, cyclostome- and invertebrate-specific 
BMP2/BMP4 homologs; Circled ?, unknown occurrence; I, invertebrate; V, vertebrata; G, 
gnathostomata; O, osteichthyes; S, sarcopterygii; A, amniota; Ac, actinopterygii; N, neopterygii; T, 
teleostei; E, euteleostei; H, holacanthopterygii. Gray star indicates the whole genome duplication 
event that occurred in the teleost fish lineage (gray box). 
 
It has been proposed by McCauley and Bronner-Fraser (2004) that the three lamprey 























after the divergence of cyclostomes from gnathostomes. This fact was further confirmed 
through a molecular phylogenetic analysis that revealed all three lamprey genes to be equally 
dissimilar to gnathostomes BMP2 and BMP4, with lamprey BMP2/4a being the ortholog of 
gnathostome BMP2 and BMP4 (McCauley and Bronner-Fraser, 2004). The long period of 
divergence between agnathans and gnathostomes may difficult the understanding of BMP2 
and BMP4 relationships. However, vertebrate BMP2 and BMP4 genes would be the result of 
an ancient duplication event that occurred at the basis of the vertebrate lineage and thus 
product of a single invertebrate ancestor BMP2/4 gene (Panopoulou et al., 1998; McCauley 
and Bronner-Fraser, 2004). Taxonomic data, inferred from genomic search, revealed the 
presence of a BMP16 ortholog in the genome of the spotted gar Lepisosteus oculatus (Fig. 
4.1.1). Since holosteans did not experience the fish-specific whole genome duplication (3R) 
event (Sato and Nishida, 2010), we can exclude this possibility to explain the origin of 
BMP16. Based on this new data, we propose the following alternative scenarios: 1) BMP16 
is not found in chondrosteans (e.g. sturgeon) nor chondrichthyans (e.g. sharks) and its 
appearance is related to a gene duplication event that occurred in the Neopterygii lineage 
after divergence from the Chondrostei or 2) BMP16 is present in both chondrosteans and 
chondrichthyans – still not identified – and its appearance is related to a gene duplication 
event that occurred early in the vertebrate lineage, as ultimately suggested by Feiner et al., 
(2009). Future works should therefore aim at determining whether BMP16 occurs in 
Chondrostei and Chondrichthyes. Although our search did not identify any sequences related 
to BMP16 in these taxonomic groups, we cannot conclude on their absence due to the lack of 
complete genomic information for species in these groups. 
While only one BMP4 was identified in most vertebrates (not in cyclostomes), two 
BMP2 were evidenced in a restricted group of teleost fish, the ostariophysians. The 
occurrence of two BMP2 isoforms in this taxonomic group is probably related to the whole 
genome duplication event that occurred in the teleost fish lineage, 450 million years ago 
(Rafael et al., 2006), as proposed for many other genes (Gates et al., 1999; Taylor et al., 
2001; Taylor et al., 2003; Sato and Nishida, 2010). Since only one BMP2 form was identified 
in other teleost fish (i.e. the Euteleostei), we propose that an eventual functional redundancy 
may have led to the subsequent loss of one of the BMP2 forms in this lineage while both 

























4.1.4.2 Primary structure of BMP16 is very similar to those of BMP2 
and BMP4 
Comparative analysis of BMP2, BMP4 and BMP16 sequence logos, which have been 
constructed from the alignments of 18, 15 and 13 fish mature peptides, respectively (Fig. 
4.1.2 and Supplementary Fig. S1 and S2), revealed a high conservation of protein primary 
structure for each form, with BMP4 being more conserved (77%) than BMP2 (67%) and 
BMP16 (66%). The high conservation of members of the BMP2/4 subfamily (represented at 
that time by BMP2 and BMP4), especially in their C-terminal region, has been already 
described by Kingsley (1994). Our data showed that BMP16, the most recent member of this 
subfamily, is also highly conserved. The average size of each mature peptide is also very 
similar, with BMP4 (117 residues) being slightly smaller than the other two members (120 
residues). The levels of conservation of protein primary structure were not only high within 
each form, but also remarkably similar between all forms, with residues important for protein 
3D structure, function and receptor binding being totally preserved in BMP2, BMP4 and 
BMP16 (Fig. 4.1.2). 
BMPs are distinguished from other members of the TGF superfamily by the presence, 
in most cases, of seven conserved cysteine residues, instead of nine. All 7 cysteines were 
100% conserved in the three members of the BMP2/4 family. Six of these cysteines form 
three intramolecular disulfide bridges organized in a cystine knot (Alvarez et al., 2009), 
which provides structural stability to the protein. The remaining cysteine is involved in an 
intermolecular disulfide bridge implicated in homo- and hetero-dimerization of the BMPs 
(Lin et al., 2006). Because of the absolute conservation of these cysteine residues, we 
propose that BMP16 exhibits a protein structure similar to those of BMP2 and BMP4, and 
requires the formation of dimers (homo and/or hetero) for proper function. BMPs are secreted 
as long inactive precursors and need to be processed into mature active ligands through 
cleavage of the propeptide at the optimal SCP cleavage site, depicted in Fig. 4.1.2 as S1. 
Suboptimal SCP cleavage sites were also predicted in all precursor sequences (data not 
shown); in other members of the TGFβ superfamily, suboptimal SCP cleavage sites have 
been shown to influence the amount of protein produced (Cui et al., 2001), thus functioning 
as a regulatory mechanism. Altogether, our data suggest that BMP16 is probably processed 
and regulated as BMP2 and BMP4 (Cui et al., 1998; Heng et al., 2010). 
Another posttranslational modification present in proteins is glycosylation. Our in silico 























glycosylation; three of them are located on asparagine residues of the propeptide (data not 
shown) and only one site (100% conserved in all isoforms) is detected in the mature protein 
(Fig. 4.1.2). Israel and co-workers (1992) reported the secretion by CHO cells of glycosylated 
and non-glycosylated forms of human recombinant BMP2. Even though the posttranslational 
modification of proteins through N-glycosylation is an important mechanism regulating 
protein production and function, the non-glycosylated form of BMP2, despite less functional, 




Figure 4.1.2. Conservation of fish bone morphogenetic proteins 2, 4 and 16. Logos of BMP2, BMP4 
and BMP16 amino acid sequences were constructed from isoform-specific alignments of mature 
peptides. The height of the letters is directly proportional to its frequency. Letter color code is as 
follow: Black, residues 100% conserved in each isoform; Green, residues 100% conserved in all 
isoforms; Red, cysteines 100% conserved forming intramolecular disulfide bounds (cystine knot); 
Blue, cysteines 100% conserved forming intermolecular disulfide bounds responsible for 
dimerization. Black triangle indicates putative N-linked glycosylation site. Black squares indicate 
residues forming the wrist epitope and involved in the binding of BMP2 to type I BMP receptor 
(BMPR1). Black circles indicate residues forming the knuckle epitope and involved in binding to type 
II BMP receptor (BMPR2). S1 indicates the conserved optimal SCP cleavage site. Asterisks indicate 
sites where gaps were manually inserted. 
 
Once secreted and in order to transduce the signal to the nucleus and regulate the 
expression of target genes, BMPs bind to a complex of serine/threonine kinase receptors on 























considerable conservation of residues responsible for binding to BMP receptors in the 
BMP16 protein comparing to BMP2 and BMP4 (Fig. 4.1.2). TGFβ members always have a 
preferred receptor on the complex, which is called the high affinity receptor (Kirsch, Nickel, 
et al., 2000). In the case of BMPs and contrary to other TGFβ members, this preferential 
receptor is the type I (BMPR1). Indeed, only after binding of the wrist epitope of BMP 
monomers to the BMPR1 the lower affinity receptor (BMPR2) can interact with the knuckle 
epitope of each molecule of the dimer (Allendorph et al., 2006). After the interaction between 
ligand and receptor is completed, a cascade of phosphorylation events will activate the Smad 
intermediates responsible for signal translocation to the nucleus (Ducy and Karsenty, 2000). 
The substantial homology between BMP2, BMP4 and BMP16 in terms of residues involved 
in receptor binding, together with a limited promiscuity characteristic of BMP receptor 
systems (Kirsch, Sebald, et al., 2000), suggests that BMP16 may function as a ligand of the 
TGFβ signaling pathway, although functional assays will be required to confirm this 
possibility. 
The less conserved area of BMP mature peptides is the region called pro-knot (Fig. 
4.1.2), localized upstream of the first conserved cysteine, composed mainly of basic amino 
acids, and reported as essential for the high affinity binding of this sequence to heparin 
(Ruppert et al., 1996). It has also been shown that the pro-knot sequence can modulate 
cleavage efficiency, interact with the extracellular matrix and play a critical role in the 
establishment and maintenance of a morphogenetic gradient during development (Ruppert et 
al., 1996; Ducy and Karsenty, 2000). The lower percentage of conserved residues on the pro-
knot sequence may be a consequence of not being covalently attached to the rest of the 
complex (Scheufler et al., 1999), becoming the most flexible part of the protein structure and 
being submitted to lower conservation pressure throughout evolution. 
 
4.1.4.3 Patterns of BMP2, BMP4 and BMP16 gene expression are 
spatially and temporally distinct 
After evidencing the remarkable conservation of BMP2, 4 and 16 protein primary 
structures, we analyzed the expression pattern of BMP2, BMP4 and BMP16 by qPCR during 
Senegalese sole larval development and in adult tissues.  
All three genes were differentially expressed along Senegalese sole development, with 























(36 hpf) embryogenesis, respectively. Conversely, BMP16 expression was increased at a later 
stage, at the end of the lecitotrophic phase (5 dph) and onwards (Fig. 4.1.3). 
No polyadenylated mRNA transcripts were found for BMP2 nor BMP4 on the first 
stages of development and the onset of expression was, for both, identified at 13.5 hpf, a 
period that corresponds to gastrulation in Senegalese sole. The high expression of BMP2 and 
BMP4 during early development, suggests that both genes may play important roles at those 
stages, as already documented for other vertebrate species: in gilthead seabream (Sparus 
aurata) larvae, an up-regulation of BMP2 expression was observed at gastrulation, an 
important stage for cell fate and embryonic patterning (Rafael et al., 2006); in zebrafish 
(Danio rerio), BMP2b was shown to be expressed in the ventral part of gastrulating embryo 
(Martínez-Barbera et al., 1997); and similarly, BMP2 was expressed at early gastrulation in 
mouse (Mus musculus) embryos (Ying and Zhao, 2001); in Xenopus, BMP4 acts as a 
ventralizing agent during mesoderm and neural plate formation (Wilson and Hemmati-
Brivanlou, 1995) while in chicken (Gallus gallus), BMP4 is involved in somite patterning 
(Pourquié et al., 1996). A role for BMP2 and BMP4 in dorsoventral patterning was also 
evidenced in invertebrates (Hwang et al., 2003), suggesting a conservation of the BMP2/4 
family members functions throughout evolution.  
BMP16 expression was detected as soon as 2 hpf, much earlier than BMP2 and BMP4 
expression, indicating a possible maternal inheritance of the transcript. The levels of BMP16 
expression increased at 18.5 hpf, in accordance with data reported by Feiner et al., (2009), 
but remained considerably low until 5 dph. The high expression of BMP16 in later stages 
may indicate a more significant role during late development, in particular during 
metamorphosis, which onset is around 7 dph in Senegalese sole. 
Tissue distribution of BMP2, 4 and 16 transcripts revealed that all isoforms are 
expressed in calcified tissues, although to different extents (Fig. 4.1.4), supporting the well 
described role of BMP2 and BMP4 in bone formation (see for example Nishimura et al., 
2012) and suggesting that BMP16 may somehow share an osteogenic role. High levels of 
BMP16 expression in branchial arches also suggest a role in cartilage formation and/or 
mineralization as reported for BMP2 and BMP4. In addition, and because of the important 
role of branchial arches in the osmoregulation and respiration (BMP signaling is involved in 
osmosensing processes in fish; Kültz, 2012), a possible involvement of BMP16 in these 
processes should not be discarded. High levels of BMP2 expression were observed in the eye 























may be related to the presence of sclerotic cartilage in the eye, in agreement with previous 
reports for other BMP family ligands (Wordinger and Clark, 2007), and of scales in the skin. 
 
 
Figure 4.1.3. Relative gene 
expression of bone 
morphogenetic proteins 2, 4 and 
16 throughout Senegalese sole 
development. Transcript levels 
were determined by qPCR from 3 
technical replicates and 
normalized using 18S ribosomal 
RNA as housekeeping gene. 
Levels at 24 hpf were used as 
reference and set to 1. ND, not 
detected; hpf, hours post-
fertilization; dph, days post-
hatching; different relevant 
developmental processes or 
phases of Senegalese sole are 
indicated at the top of the figure: 
H, hatching; MO, mouth opening; 
LPE, lecitotrophic phase end. A 
schematic representation of head 
metamorphosis and eye migration 
is presented on the top of the 
figure, where the quantity of 
cartilage present is represented by 
the increasing intensity on the 
gray scale, while black areas 
represent bone tissue. 
 
In addition to bone formation and dorsoventral patterning, BMPs have been associated 
with other processes such as reproduction. Our expression data, showing high levels of 
BMP4 gene expression in ovary, is in agreement with those results and also with data 
showing BMP4 expression in ovarian tissue of several vertebrate species (Li and Ge, 2011; 
Shimasaki et al., 2004). Moreover, and as previously reported in gilthead seabream, high 
levels of BMP2 expression were detected in Senegalese sole liver, suggesting an involvement 
in hepatocyte trans-differentiation (Rafael et al., 2006). Besides the high expression in 
branchial arches (Fig. 4.1.4), sole BMP16 is also significantly expressed in several non-























tissues both during development and in adulthood, as previously described in other species 












Figure 4.1.4. Relative gene expression 
of bone morphogenetic proteins 2, 4 
and 16 in adult Senegalese sole tissues. 
Transcript levels were determined by 
qPCR from 3 technical replicates, 
normalized using 18S ribosomal RNA 
as housekeeping gene. Levels in testis 
were used as reference and set to 1. 
Eye and skin samples are a mix of soft 
and calcified tissues and were 
classified as mixed tissues. 
 
4.1.4.4 Expression of BMP2, BMP4 and BMP16 genes is positively 
regulated by retinoic acid 
Considering the high expression of BMP2, BMP4 and BMP16 in calcified tissues, we 
investigated the effect of retinoic acid (RA) on gene transcriptional regulation using a 
Senegalese sole bone-derived cell culture, capable of in vitro mineralization (SS1C cells). RA 
is a morphogen involved in several developmental processes, regulating target gene 























also a known repressor of the BMP signaling pathway by reducing Smad1 stability (Sheng et 
al., 2010). After a 24 h exposure to 1 µM of all-trans RA, the expression of all three genes 
was up-regulated (Fig. 4.1.5).  
 
 
Figure 4.1.5. Relative gene expression of bone 
morphogenetic proteins 2, 4 and 16 in Senegalese 
sole SS1C cell cultures upon exposure to 1 µM 
all-trans retinoic acid for 24 h. Transcript levels 
were determined by qPCR from 3 technical 
replicates, normalized using 18S ribosomal RNA 
as housekeeping gene and presented as fold 
changes over control (cells treated with DMSO, 
vehicle for retinoic acid). * indicate values 
significantly different from each other (one-way 
ANOVA followed by Tukey’s post-test; 
P<0.05) 
 
Regulation of members of the BMP2/4 family by RA was previously described for 
other fish species, e.g. BMP4 expression was up-regulated in Dicentrarchus labrax larvae fed 
a high vitamin A dietary content (Villeneuve et al., 2006) as well as in other organisms 
(Hoffman et al., 2006; Sheng et al., 2010). This up-regulation may be caused by 1) a 
mechanism of feedback response, where the cells try to compensate the RA-dependent 
inhibition of BMP pathway by increasing expression of BMPs or 2) a direct transcriptional 
regulation through binding of RA-RAR or -RXR complexes to RA responsive elements 
present in the promoter regions of target genes. Our in vitro data indicates that BMP16, the 
newest member of BMP2/4 subfamily, is also regulated by RA evidencing a possible 
conservation of gene regulation throughout evolution and a possible role in bone metabolism. 
 
4.1.5 Conclusions 
Our data showed that BMP16 is not restricted to teleost fish, as previously described, 
but it is more widely distributed as evidenced by its presence in the Holosteans. Despite the 
overall conservation of BMP2, 4 and 16 sequences, that may suggest similar protein 
structure, processing mechanisms and signaling pathways, the three genes showed different 
developmental and tissues specificities. Retinoic acid was able to up-regulate BMP2, BMP4 























better understanding of vertebrate distribution and characterization of BMP16, the newest 
member of the BMP2/4 family. 
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BMP2, BMP4 and BMP16 form a subfamily of bone morphogenetic proteins acting as 
pleiotropic growth factors during development and as a bone inducers during osteogenesis. 
BMP16 is the most recent member of this subfamily and basic data regarding protein 
structure and function, and spatio-temporal gene expression is still scarce. In this work, 
insights on BMP16 were provided through the comparative analysis of structural and 
functional data for zebrafish BMP2a, BMP2b, BMP4 and BMP16 genes and proteins, 
determined from tri-dimensional models, patterns of gene expression during development and 
in adult tissues, regulation by retinoic acid and capacity to activate BMP signaling pathway. 
Structures of Bmp2a, Bmp2b, Bmp4 and Bmp16 were found to be remarkably similar, with 
residues involved in receptor binding being highly conserved All proteins could activate the 
BMP signaling pathway, suggesting that they share a common function. On the contrary, 
stage- and tissue-specific expression of bmp2, bmp4 and bmp16 suggested that gene 
transcription may be regulated by different factors but also that they are involved in distinct 
physiological processes, although with the same function. Retinoic acid, a morphogen known 
to interact with BMP signaling during bone formation, was shown to down-regulate the 



















phylogenetic analyses indicated that bmp16 diverged before bmp2 and bmp4, is not restricted 
to teleost fish lineage as previously reported, and that it probably arose from a whole 
genomic duplication event that occurred early in vertebrate evolution and disappeared in 
various tetrapod lineages through independent events. 
 
Note 
Names/acronyms of genes/proteins of species with different nomenclature conventions 
are used throughout this study. To reduce heterogeneity no convention will be used and 
acronyms will be uppercased. However, convention will be maintained for zebrafish which is 
the main specie studied here. 
 
4.2.2 Introduction 
Whole genome duplications (WGDs) are key features in species evolution that allow 
organisms to develop new characteristics (Magadum et al., 2013). WGDs are often related to 
bursts in organism diversity and complexity (Magadum et al., 2013; Santini et al., 2009) and 
many families of genes are known to have evolved through genome duplication (Magadum et 
al., 2013; Panopoulou et al., 1998). Despite some controversy, it is commonly accepted that 
three whole genome duplication occurred during vertebrate evolution: the first and second 
duplication events occurred early in the vertebrate lineage, approximately 500 million years 
ago, while the third event only affected teleost fish genome (Santini et al., 2009; Sharman 
and Holland, 1998; Escriva et al., 2002; Furlong et al., 2007; Kuraku et al., 2009). After 
duplication, the paralogous gene (copy of the original gene) can co-exist with the original 
copy and complement its function (subfunctionalization) or diverge and develop a new 
function (neofunctionalization) (Dehal and Boore, 2005; Wolfe, 2001). However, WGDs are 
typically followed by massive gene loss, and in most cases only a single copy of the 
duplicated genes will be maintained (Rabier et al., 2014). Moreover, gene loss among 
distantly related lineages often results in hard-to-interpret molecular phylogenies as in the 
case of bone morphogenetic proteins (BMPs) 2, 4 and the recently identified BMP16 
(Kuraku, 2010).  
Products of the BMP2 and BMP4 genes belong to the transforming growth factor  
(TGF superfamily of multifunctional growth factors, and are involved in several key 



















formation (Nishimura et al., 2012). The primary structures of BMP2 and BMP4 proteins have 
been remarkably conserved throughout evolution and human mature BMP2 and BMP4 share 
90% identity and are 75% identical to their Drosophila homolog decapentaplegic (DPP). The 
conservation of protein function has also been demonstrated through the interchangeability of 
Drosophila and mammalian proteins: DPP can induce endochondral bone formation when 
introduced subcutaneously in mouse (Sampath et al., 1993), while mammalian BMP4 protein 
is able to rescue the dorsal-ventral defects resulting from the lack of DPP in Drosophila 
(Padgett et al., 1993). BMP2 and BMP4 genes are expressed in a wide variety of tissues, and 
their expression in early stages of development was shown to be crucial for organism 
viability, as demonstrated by the early lethality of mice deficient for BMP2 or BMP4 gene 
(Zhang and Bradley, 1996). 
Based on sequence similarities, Feiner et al. (Feiner et al., 2009) identified in 2009 a 
new member of the BMP2/4 subfamily, which was later named BMP16. While it was 
initially presented as a teleost fish specific protein, its presence has recently been reported in 
the genome of non-teleost fish species suggesting that its origin is not related to the third, 
teleost-specific, WGD event (Marques et al., 2014). Expression of bmp16 gene was analyzed 
by in situ hybridization during early zebrafish development and detected mainly in the 
developing heart, gut epithelium and swim bladder (Feiner et al., 2009). In adult Senegalese 
sole tissues, BMP16 transcript was detected through quantitative real-time PCR in branchial 
arches, brain, intestine and heart (Marques et al., 2014). Not much more is known about 
BMP16, in particular its capacity to activate BMP signaling pathway as BMP2 and BMP4 
(Goldman et al., 2008; Upton et al., 2008; Hung et al., 2012) or its role during vertebrate 
development. 
The aim of this work is to provide new insights into the origin of BMP16 and 
characterize the evolutionary relationship of the members of BMP2/4/16 subfamily but also 
to collect data on protein function and gene regulation through the comparative analysis of 
protein structure homology models, capacity to activate BMP signaling pathway, 























4.2.3 Materials and methods 
4.2.3.1 Ethics Statement 
Animal handling and experiments are legally accredited by the Portuguese Direcção 
Geral de Veterinária (DGV) and all the experimental procedures involving animals were 
performed according the EU (Directive 86/609/CEE) and National (Portaria nº 1005/92 de 23 
de Outubro; Portaria nº 466/95 de 17 de Maio; Portaria nº 1131/97 de 7 de Novembro) 
legislation for animal experimentation and welfare. 
 
4.2.3.2 Gene sequence collection and reconstruction 
Annotated sequences for BMP2, BMP4 and BMP16 were retrieved from GenBank 
(ncbi.nlm.nih.gov) and Ensembl (ensembl.org) databases using on-site BLAST facilities. In 
some cases, sequences were reconstructed from expressed sequence tags (EST), genome 
survey sequences (GSS), whole genome shotgun (WGS) sequences, and transcriptome 
shotgun assembly (TSA) available through GenBank sequence databases. Species-specific 
sequences were clustered and assembled using the ContigExpress module of Vector NTI 
software (Invitrogen). Gene structures were predicted using the Spidey mRNA-to-genomic 
alignment tool (ncbi.nlm.nih.gov). Genomic organization of BMP16 gene flanking regions 
was determined using genomic data available in Ensembl database. 
 
4.2.3.3 Multiple sequence alignment and phylogenetic reconstruction 
BMP2, BMP4 and BMP16 gene sequences were aligned using TranslatorX V1.1 
(Abascal et al., 2010). The nucleotide alignment was manually adjusted using SeaView V3.2 
(Galtier et al., 1996) where parts of sequences were arbitrarily aligned (2 accessions, namely, 
sea squirt and fruit fly). Unambiguously aligned characters were defined using Gblocks 
V0.91b (Castresana, 2000) and the following options in the SeaView interface: “allow gaps 
in final positions” (-b5=h), "do not allow many contiguous non conserved positions" (-b3=4), 
and "allow smaller final blocks" (-b4=5). A single block of positions was eliminated where 
the alignment with outgroup sequences (lancelet, fruit fly, sea squirt) was arbitrary. The final 
alignment consisted of 58 taxa and 612 aligned nucleotides, which translated to 204 amino 



















V7.8.4-MP (Stamatakis, 2006) and Bayesian phylogenetic inferences were conducted using 
P4 V0.89.r234 (Foster, 2004). Appropriate models were determined using ModelGenerator 
V0.85 (Keane et al., 2006): for nucleotides this was a general time-reversible substitution 
model (GTR) with a gamma-distribution of among-site rate variation (4 discrete categories) 
(+Γ) and a proportion of invariant sites (+I), and for amino acids the LG (Le and Gascuel, 
2008) empirical substitution matrix with +Γ and estimated stationary amino acid frequencies 
(+Fest). Non-stationary composition model analyses were performed in P4 with the addition 
of extra composition vectors (CV) to the best model (see Online resource 2 for details on 
individual analyses). 
 
4.2.3.4 3D model building of zebrafish Bmp2a, Bmp2b, Bmp4 and 
Bmp16 
Mature peptides of zebrafish BMP2, NMP4 and BMP16 and human BMP2 were 
aligned using the ClustalW Omega server (ebi.ac.uk/Tools/msa/clustalo). The pairwise 
identities ranged from 64.7% (BMP16) to 83.3% (BMP2b). At this level of identity, reliable 
homology models can be built from one structure determined experimentally (Eswar et al., 
2006). Structure 1REW available in the Protein Data Bank (complex between human BMP2 
and the ectodmain of its type IA receptor (Keller et al., 2004)) was selected to serve as 
template. Water molecules and receptor chains were removed from the structure file and the 
remaining BMP2 dimer used as template for homology building using the MODELLER 
v9.12 software package (Sali and Blundell, 1993). Since the first 11 residues of human BMP2 
mature peptide are missing in PDB structure, matching zebrafish segments were removed 
from the alignment. Structures were modelled as dimers with an intermolecular SS bond, the 
active form of BMPs. For each protein 50 models were generated and the one with the best 
DOPE score (Shen and Sali, 2006) was selected. The absolute quality of the four selected 
models was evaluated using the Z-DOPE score, and also checked using the QMEAN and 
MOLPROBITY servers. The final models were displayed and analyzed using the PyMOL 




















4.2.3.5 Vector construction 
Coding sequences of zebrafish bmp2a, bmp2b, bmp4, and bmp16 (accession numbers 
NM_131359, NM_131360, NM_131342 and NM_001171776, respectively) were amplified 
by PCR using the proofreading Advantage cDNA polymerase (Clontech), reverse-transcribed 
mRNA extracted from ZFB1 cells (Vijayakumar et al., 2013) and gene-specific primers 
designed according to available sequences (Table 1) and directionally inserted into 
pcDNA3.1 expression vector (Invitrogen), under the control of pCMV promoter. DNA 
integrity was confirmed through sequencing (Note: cloned sequences contained single 
nucleotide polymorphisms that did not alter protein sequence; they have been deposited into 
GenBank database with the following accession numbers: bmp2a, KM820423; bmp2b, 
KM820424; bmp4, KM820425 and bmp16, KM820426). 
 
4.2.3.6 Luciferase assays 
ABSa15 cells (ECACC catalogue no. 13112201) (Tiago et al., 2014) were seeded at 4 
× 104 cells/well in 24-well plates and cultured in DMEM medium for 16 h at 33ºC under 
10% CO2. Sub-confluent cultures were transfected using 1.5 μl of X-tremeGENE HP DNA 
transfection reagent (Roche) with vectors expressing (1) zebrafish bmp2a, bmp2b, bmp4 or 
bmp16 under the control of CMV promoter (pcDNA3 vector backbone; 200 ng), (2) firefly 
luciferase under the control of BMP-responsive elements (BRE-Luc vector; 250 ng 
(Korchynskyi and ten Dijke, 2002)) and/or (3) renilla luciferase under the control of SV40 
promoter (pRL-SV40 vector; 200 ng; Promega). After 48 h, cells were lysed and luciferase 
activities were measured in a BioTek Synergy 4 plate reader using Dual-Luciferase Reporter 
Assay system (Promega). Relative luciferase activity was determined from the ratio F-Luc/R-
Luc and is presented as the fold change over pGL3 basic vector. 
 
4.2.3.7 Larval rearing and sampling 
Zebrafish eggs were obtained from natural spawning of in-house broodstock 
maintained in a ZebTec housing system (Tecniplast). Water parameters were maintained as 
follows: pH 7.6 ± 0.2; conductivity 700 mS; dissolved oxygen 7.8 mg L-1; photoperiod 14:10 



















density of 200 eggs L-1 with 0.5 ppm of methylene blue to avoid fungi development. Hatched 
larvae were raised until 30 days post-fertilization (dpf) in 1-L water tanks at a density of 100 
larvae L-1, with 90% of the water renewed every two days. Larvae from 5 to 10 dpf were fed 
twice a day with Artemia nauplii (AF strain INVE, 5-10 nauplii mL-1) and from 8 to 30 dpf 
with Artemia metanauplii (EG strain INVE, 10 metanauplii mL-1). Juveniles, adults and 
broodstock were fed twice a day with commercial dry food and once a day with Artemia 
metanauplii. 
Fish embryos and larvae were sampled at 1 (4 cells), 3 (1k cell), 16 (14 somites), 24, 
32, 48, 72 and 96 hours post fertilization (hpf), and 5, 7, 9, 12, 15, 20, 25 and 30 dpf. The 
amount of material sampled at each developmental stage was adapted to specimen size and 
ranged between 100 eggs and 5 early juveniles (30 dpf). Adult zebrafish tissues were 
collected and pooled from 3 males and 2 females. All fish were anesthetized with a lethal 
dose of tricaine methanesulfonate (MS-222, Sigma-Aldrich) and washed with sterile distilled 
water before sampling. Specimens and tissues collected for gene expression analysis were 
placed in 10 volumes of TRI-Reagent (Ambion) and stored at -80 ºC until processed.  
 
4.2.3.8 Cell exposure to retinoic acid 
Sub-confluent cultures of ZFB1 cells (Vijayakumar et al., 2013) were exposed for 24 h 
to 1 µM all-trans retinoic acid (atRA; Sigma-Aldrich) or 0.01% of dimethyl sulfoxide 
(DMSO; vehicle), washed 3 times in ice-cold phosphate-buffered saline, scrapped out and 
stored in TRI-Reagent.  
 
4.2.3.9 RNA extraction and quantitative real-time PCR 
Total RNA was extracted from samples stored in TRI-Reagent following manufacturer 
instructions and purified using the High Pure RNA Isolation kit (Roche). RNA integrity was 
confirmed using Experion Automated Electrophoresis system (Bio-Rad) and quantity was 
determined using NanoDrop spectrophotometer (Thermo Scientific). Total RNA (500 ng) 
was reverse-transcribed for 1 h at 37ºC using M-MLV reverse transcriptase (Invitrogen), 
oligo-d(T) primer and RNase OUT (Invitrogen). All quantitative real-time PCR (qPCR) 
reactions were performed in triplicates using SsoFast EvaGreen Supermix (Bio-Rad), 0.25 
μM of isoform-specific primers (Table 4.2.1) and 1:10 dilution of reverse-transcribed RNA, 



















Table 4.2.1. PCR primers used in this study to assess gene expression and subclone coding sequences 
in expression vectors. Primers were designed according to zebrafish sequences BMP2a (accession no. 
NM_131359), BMP2b (accession no. NM_131360), BMP4 (accession no. NM_131342), BMP16 
(accession no. NM_001171776) 























*Underlined sequences indicate recognition site for endonucleases cited in primer name 
 
 
PCR amplification was as follows: an initial denaturation step of 1 min at 95ºC and 40 
cycles of amplification (5 s at 95ºC and 10 s at 65ºC). Efficiency of amplification was above 
95% for all primer sets. Levels of gene expression were calculated using the ΔΔCt 
comparative method (Pfaffl, 2001) and normalized using housekeeping genes, which 
suitability was evaluated using Normfinder and BestKeeper algorithms (Andersen et al., 
2004; Pfaffl et al., 2004). β-actin 2 and rps18 were selected to normalize gene expression in 





















4.2.4.1 Taxonomic distribution of vertebrate BMP2, BMP4 and 
BMP16: BMP16 is not fish-specific 
Sequences with a high similarity to BMP2, BMP4 and BMP16 were retrieved from 
GenBank and Ensembl databases using on-site BLAST tools and multiple sequences as 
queries. An overview of the taxonomic distribution of BMP2, BMP4 and BMP16 is presented 
in Fig. 4.2.1 A single BMP2/4 isoform is present in several invertebrate genomes and three 
copies of the same gene are found in the jawless fish superclass Agnatha (e.g. lampreys). 




Figure 4.2.1. Taxonomic distribution of bone morphogenetic proteins BMP2, BMP4 and BMP16 
(simplified from the Tree of Life at tolweb.org). Presence/absence of BMP2, BMP4 and BMP16 
(circled 2, 4 and 16, respectively) were inferred from sequence data collected from NCBI and 
Ensembl sequence databases. Circled 2a and 2b, Ostariophysi-specific BMP2 paralogs; Circled 2/4, 
cyclostome- and invertebrate-specific BMP2/4 homologs; Circled ?, missing information; V, 
Vertebrata; G, Gnathostomata; O, Osteichthyes; Ac, Actinopterygii; N, Neopterygii; Te, Teleostei; Sa, 



















No BMP2 sequence was found in Chondrostei (e.g. sturgeon and bichir) and although 
we cannot exclude the possibility of gene loss in the lineage, it is probable that its absence in 
sequence databases is a consequence of the scarce genomic data available for those species. 
In contrast, two BMP2 genes (BMP2a and BMP2b) are present in Ostariophysi genomes (e.g. 
zebrafish). The presence of BMP16 gene is restricted to the genome of few Gnathostome 
taxa. BMP16 gene has been identified in all Neopterygii (clade N in Fig. 4.2.1) but not in 
Chondrichthyes and Chondrostei, which are both early-branching fish lineages of 
gnathostomes and again have limited genomic data available. The BMP16 gene was also 
found in Coelacanthidae (coelacanth) and in Lepidosauria (e.g. lizards and snakes) but not in 
other Sarcopterygii (clade Sa in Fig. 4.2.1), including Amphibia, Testudinata, Archosauria, 
and Mammalia. In the latter organisms genomic data is abundant suggesting that the absence 
of BMP16 is not due to a lack of data. 
To better understand the mechanisms underlying the loss of the BMP16 gene, genomic 
regions flanking BMP16 locus were analyzed from a subset of species representing the major 
vertebrate taxonomic groups (Fig. 4.2.2). As expected, gene composition and synteny 
surrounding the BMP16 locus are more conserved in closely related species (e.g. the 
Japanese medaka, the spotted green pufferfish, the three-spined stickleback and the southern 
platyfish) than in evolutionarily distant species (e.g. zebrafish, coelacanth and green anole). 
However in some cases, for instance in three-spined stickleback and southern platyfish, gene 
substitution or translocation was observed. In tetrapods, where the BMP16 gene is missing, 
two different scenarios were observed: (1) genes surrounding the BMP16 locus (i.e. GEMIN7 
and PPP1R37 (core genes) but also RELB, CLPTM1, RTN2) are present, suggesting that the 
BMP16 gene was selectively removed from their genome (e.g. western clawed frog, painted 
turtle, mouse and human) and (2) genes surrounding the BMP16 locus were also absent, 
suggesting that the entire chromosome region was lost (e.g. chicken and zebra finch). 
An analysis of the regions that would typically have contained the BMP16 gene 
(scenario 1) did not reveal the presence of undetected genes, pseudogenes or remnants of the 
BMP16 gene, favoring the hypothesis of an active removal of BMP16 gene in these species. 
Our data demonstrate the presence of the BMP16 gene in ray-finned, lobe-finned fish and 
also in tetrapods, although it has been independently lost in several tetrapods during 
evolution. Moreover, our data show that the BMP16 gene is not specific to the teleost fish 






















Figure 4.2.2. Schematic representation of the genomic region flanking vertebrate BMP16 gene using 
data from Ensembl project. Genes present in the vicinity of BMP16 locus are indicated in colored 
boxes irrespectively of their orientation. Gene names are indicated on the left side of each scheme. 
Unnamed white boxes indicate genes present in the vicinity of BMP16 locus in only one species. Chr, 
chromosome; LG, linkage group; Sca, scaffold; UNK, unknown. Vertebrate species are: zebrafish 
Danio rerio, Japanese medaka Oryzias latipes, spotted green pufferfish Tetraodon nigroviridis, three-
spined stickleback Gasterosteus aculeatus, Southern platyfish Xiphophorus maculatus, African 
coelacanth Latimeria chalumnae, Western clawed frog Xenopus tropicalis, green anole Anolis 
carolinensis, painted turtle Chrysemys picta bellii, chicken Gallus gallus, zebra finch Taeniopygia 
guttata, mouse Mus musculus, human Homo sapiens. Gene names are: Gemin7, gem associated 
protein 7; BMP16, bone morphogenetic protein 16; PPP1R37, protein phosphatase 1 regulatory 
subunit 37; SLC30A1, solute carrier family 30 member 1; RAB4B, RAB4B member RAS oncogene 
family; RHOUB, Ras homolog gene family member Ub; RTN2, reticulon 2; PPM1NA, protein 
phosphatase Mg2+/Mn2+ dependent 1Na; PTGIR, prostaglandin I2 receptor; CALM1, calmodulin 1; 
PHC2B, polyhomeotic homolog 2b; MRPL28, mitochondrial ribosomal protein L28; RELB, avian 
reticuloendotheliosis viral oncogene related B; CLPTM1, cleft lip and palate associated 
transmembrane protein 1; TBCB, tubulin folding cofactor B; SIX5, sine oculis homeobox 5; AP2S1, 
adaptor-related protein complex 2 sigma 1 subunit; BAHD1, bromo adjacent homology domain 
containing 1; BMP4, bone morphogenetic protein 4; BLOC1S3, biogenesis of lysosomal organelles 
complex 1 subunit 3; LGALS4, lectin galactoside-binding soluble 4; NKPD1, NTPase KAP family P-
loop domain containing 1; CLASRP, CLK4-associating serine/arginine rich protein; TRAPPC6A, 
trafficking protein particle complex 6A; ZNF296, zinc finger protein 296. 
 
4.2.4.2 Evolution of the BMP2, BMP4, and BMP16 genes: BMP16 
diverged before BMP2 and BMP4 
The molecular phylogeny of BMP2, BMP4 and BMP16 genes was inferred from a 
subset of 58 complete coding sequences (Supplementary figure 4.2.1), representing the main 
vertebrate taxa (i.e. jawless fish, cartilaginous fish, ray-finned and lobe-finned fish, 
amphibians, sauropsids and mammals). The optimal maximum likelihood (ML) tree and the 
bootstrap proportions of the BMP nucleotide data under the GTR+Γ+Fest model are presented 



















analyses revealed that the data were non-stationary that and 2 composition vectors using the 
node-discrete compositional heterogeneity (NDCH) model implemented in P4 were 
necessary to model the among lineage composition (Supplementary figures 4.2.2C, 4.2.2D 
and 4.2.2E). ML bootstrap and Bayesian MCMC analyses of the translated amino acid 
sequences of the BMP genes resulted in trees which were neither analysis well-resolved or 
well-supported due to a lack of substitutional information at the protein level (data not 
shown). A 50% majority rule consensus tree of trees sampled from the posterior distribution 
of the non-stationary composition P4 MCMC (GTR+Γ+I+CV2; Supplementary figure 
4.2.2E) analysis of the nucleotide sequence data (analytical details are provided in 
Suplementary figure 4.2.2) is presented in Fig. 4.2.3, with posterior probabilities and ML 
bootstrap support values indicated at nodes. 
In this tree, BMP16 is seen to diverge first before the split of BMP2, BMP4 and 
BMP2/4 of the Agnatha. Branch lengths tend to be slightly longer in the BMP16 clade 
compared to BMP2 and BMP4 clades, indicating a higher substitution rate and molecular 
divergence of this isoform. The BMP2/4 isoforms (2/4a, 2/4b or 2/4c) from lamprey are more 
closely related to the BMP2 and BMP4 members than they are to BMP16, indicating that the 
three isoforms of BMP2/4 present in lamprey genomes are the result of lineage specific 
duplication and would have occurred after the split of BMP16 from BMP2 and BMP4. In all 
the Gnathostomes only one homolog for each of the three genes (BMP2, BMP4 and BMP16) 
was found, except for a particular group of teleost fish (Ostaryophisi), which includes 
zebrafish. It is probable that the two isoforms of BMP2 (BMP2a and BMP2b) present in 
Ostariophysi resulted from the third, teleost-specific, WGD that occurred approximately 350 
million years ago (Meyer and Van de Peer, 2005), and suggesting that the second isoform 




















Figure 4.2.3. Phylogenetic relaionship among vertebrate BMP2, BMP4 and BMP16 homologs. The 
tree is a 50% majority-rule consensus tree of trees obtained from the posterior distribution of a 
composition heterogeneous P4 Bayesian MCMC analysis (Fig. E Online resource 2): model 
GTR+Γ+I+CV2, marginal likelihood −lnLh = 17045.6169, posterior predictive simulations of χ2 
statistic of composition homogeneity p-value = 0.4613. Numbers on the branches represent bootstrap 
values (Online resource 2b) and posterior probabilities of the maximum likelihood and Bayesian 
analysis, respectively. The tree is rooted in the outgroup taxa Invertebrata. 
 
 
4.2.4.3 Zebrafish BMP2a, BMP2b, BMP4 and BMP16 gene and 
protein structures are remarkably similar 
The structure of zebrafish bmp2a, bmp2b, bmp4 and bmp16 was determined from 



















NC_007128; bmp2b, NC_007131; bmp4, NC_007128 and bmp16, CAAK05042509 and 
CAAK05042510) by direct comparison with mRNA sequences (Fig. 4.2.4). 
 
 
Figure 4.2.4. Structure of zebrafish bmp2a, bmp2b, bmp4 and bmp16 genes. Gene sequences were 
collected/reconstructed from GenBank using whole-genome shotgun (WGS), genome survey 
sequence (GSS) and/or high-throughput genome sequencing (HTGS). Exons (E) are displayed as gray 
boxes (non-coding exons) and black boxes (coding exons). Introns are displayed as solid black lines 
and respective size (kbp) is indicated below the phase of intron insertion (white circles). Dashed lines 
indicate alternative splicing Triangles indicate local of predicted polyadenylation signals in 3’ 
untranslated region: white, manual prediction; light gray, manual and bioinformatics predictions; dark 
gray, manual prediction and EST evidence; black, manual and bioinformatics predictions, and EST 
evidence. A schematic representation of chromosome 17 (Chr17) is presented on the right side, with 
the approximate location of bmp2a and bmp4 genes and the estimated distance between both genes. 
 
Protein-coding sequences were found to be remarkably conserved among the four 
genes, exhibiting the same number of coding exons (2), the same phase of intron insertion 
(1), a similar length (ranging from 1161 to 1251 nt), and sharing a high sequence identity 
(ranging from 52.2 to 65.7% identity over total CDS length). Non-coding sequences were 
however quite variable both in size and in structure. While absent in bmp2a, a 5´-non-coding 
exon was observed in bmp2b, bmp4 and bmp16. In bmp4, an alternative spliced transcript 
containing two 5’-non-coding exons was also identified (evidence supported by several 
ESTs). The size of 3’-untranslated regions and the number of consensus sites for 
polyadenylation signals (predicted with different confidence intervals) were also different 
among the four genes. Differences in untranslated regions could be indicative of different 
mechanisms of regulation at transcriptional and posttranscriptional levels. 
Similarly, the primary structures of zebrafish Bmp2a, Bmp2b, Bmp4 and Bmp16 
mature peptides were compared (Fig. 4.2.5A) and found to be remarkably conserved. 
Sequence identity ranged from 62.9 to 84.7% and sequence similarity ranged from 74.1 to 
92.4%, with Bmp2a and Bmp2b being the most similar, and Bmp4 and Bmp16 being the 



















share a similar 3D structure and a similar function. Tridimensional models of the four 
zebrafish proteins were built based on the human BMP2 structure 1REW available in the 
Protein Data Bank (Fig. 4.2.5B). 
 
 
Figure 4.2.5. Structures of zebrafish Bmp2a, Bmp2b, Bmp4 and Bmp16 and human Bmp2. (a) 
Alignment of the primary structure of zebrafish and human mature peptides. Positions marked with 
letters are residues of human BMP2 withing 3.0 Å of the BMP receptor IA (BMPRIA). v, fully 
conserved; o, conservative replacement; x, non-conservative replacement. Amino acids involved in 
solvent-mediated interactions are marked in bold; amino acids involved in receptor binding (hot 
spots) are underlined. *, : and . indicate positions in the alignment with total conservation, conserved 
substitution and non-conserved substitution, respectively. (b) Superposition of zebrafish mature 
Bmp2a (gold), Bmp2b (cyan), Bmp4 (green) and Bmp16 (violet) protein models with human BMP2 
(red). BMP residues important for interface contact are displayed as sticks, and the two hot spot 




















Given the high similarity between zebrafish proteins and human BMP2 (ranging from 
64.7 to 83.3% of sequence identity and from 78.4 to 90.4% of sequence similarity, Bmp4 
being the most similar and Bmp16 the most dissimilar), homology models were expected to 
be very reliable and this was confirmed with various assessment scores: the four models have 
QMEAN and Z-DOPE scores within near nativeness (see material and methods and 
Supplementary Table 4.2.1 for details). The four zebrafish protein models overlapped 
completely, evidencing their high structural conservation and further suggesting that the 
correspondent proteins may have the same function, e.g. signal transduction through binding 
to surface receptors. Indeed, seven of the ten residues of the human BMP2 localized at a 3Å 
distance from the BMPRIA (Fig. 4.2.5A), including the binding hotspots Leu51 and Asp53, 
were found to be fully conserved among zebrafish Bmp2a, Bmp2b, Bmp4 and Bmp16, 
suggesting that members of the BMP2/4/16 subfamily may share the capacity to activate the 
same receptors. Regarding the important residues for receptor binding in the human BMP2, 
BMP16 is the most divergent protein, suggesting that it may not bind to BMP receptor(s) 
with the same affinity. 
 
4.2.4.4 Zebrafish Bmp2a, Bmp2b, Bmp4 and Bmp16 are activators of 
the BMP-signaling pathway 
The capacity of zebrafish proteins to activate the BMP-signaling pathway was assessed 
through the use of the BRE-Luc system, where BMP responsive elements (BRE) drive the 
expression of the firefly luciferase reporter gene. Assays were initially performed in the 
zebrafish ZFB1 cell line (Vijayakumar et al., 2013), but the low transfectability of these cells 
resulted in low levels of luciferase activity - close to background levels - precluding the use 
of zebrafish bone-derived cells (results not shown). To maintain a certain homogeneity in our 
experimental system, gilthead seabream mineralogenic cell line ABSa15 – of fish origin and 
previously used for this purpose (Tiago et al., 2014) – was alternatively used to perform the 
assays. Relative luciferase activity remained low upon co-transfection of the BRE-Luc vector 
with the empty expression vector, but higher than background levels (determined by the 
promoter-less pGL3 basic), suggesting that endogenous BMPs produced by ABSa15 cells 
were capable of activating BMP signaling pathway. Each of the four zebrafish proteins 
strongly and significantly activated the BMP signaling pathway, although to different extent 
(Fig. 4.2.6). Bmp2a was the more effective (14.1 folds) followed by Bmp2b, Bmp4 and 



















for those last three proteins, Bmp16 exhibited the lower activation capacity. Whether this is 
correlated with the higher divergence of Bmp16 for the residues involved in receptor binding 
remains to be determined. 
 
 
Figure 4.2.6. Activation of BMP-signaling 
pathway by zebrafish Bmp2a, Bmp2b, 
Bmp4 and Bmp16. ABSa15 cells were co-
transfected with BRE-Luc reporter vector, 
containing BMP-responsive elements 
upstream the luciferase gene and vectors 
containing each of the zebrafish bmp genes. 
Numbers inside the bars indicate fold 
changes over BRE-Luc vector. The different 
letters indicate values significantly different 
from each other (one-way ANOVA 
followed by Tukey’s post-test; P<0.05). 
 
 
4.2.4.5 Expression of bmp2a, bmp2b, bmp4 and bmp16 during 
zebrafish larval development and in adult tissues 
To better understand spatial-temporal expression patterns of bmp2a, bmp2b, bmp4 and 
bmp16, transcript levels were determined by qPCR throughout larval development and in 
adult zebrafish tissues. Since housekeeping genes used to normalize the expression in qPCR 
showed some variation during early stages of zebrafish development (i.e. at 1 and 3 hpf), the 
raw Ct values will be considered as a measure of gene expression in those samples. 
Comparative analysis of Ct values (Fig. 4.2.7A) and relative gene expression (Fig. 4.2.7B) 
for the 4 genes revealed limited variations of transcript levels in fish older than 16 hpf. 
During this developmental window, a slight increase of bmp2a and bmp2b expression was 
observed after hatching and at late larval development; patterns of bmp4 and bmp16 
expression were inversely related, bmp4 being more expressed from 16 hpf to 7 dpf and 
bmp16 being more expressed from 5 dpf to 30 dpf. The most striking differences however 
occurred during early embryonic development (1-3 hpf), where expression of bmp genes 
appeared to be sequentially switched on (Fig. 4.2.7). While bmp16 transcript was detected 
since 1 hpf (4-cells stage) at levels similar to those observed in subsequent stages, suggesting 



















(high Ct values) at both stages, and significant levels were only detected at 16 hpf (bmp2a 









Figure 4.2.7. Expression of bmp2a, bmp2b, 
bmp4 and bmp16 throughout zebrafish larval 
development. (a) Ct values for bmp2a, bmp2b, 
bmp4, bmp16 and act2b genes. Values are the 
mean from at least 3 technical replicates ± 
standard deviation. Asterisks indicate values 
that are significantly different from the values 
at 16 hpf (one-way ANOVA followed by 
Dunnett’s post-test; P<0.05). (b) Transcript 
levels were determined by qPCR from at least 
three technical replicates and normalized using 
housekeeping β-actin2 gene. Gray bars 
indicate initial stages of development, where 
the expression of housekeeping gene is not 
constant. Expression levels at 12 dpf (bmp2a), 
32 hpf (bmp2b), 9 dpf (bmp4) and 30 dpf 
(bmp16) were used as references and set to 1. 
hpf, hours post-fertilization; dpf, days post-
fertilization. Different relevant developmental 
processes are indicated on the top of the 
figure: C, cleavage; B, blastula; S, 
segmentation; P, pharyngula; H, hatching; J, 
juvenile. 
 
Pattern of bmp2b expression was intermediate, its transcript being absent or poorly 
expressed at 1 hpf but present at 3 hpf (blastula stage) at levels similar to those observed in 



















bmp16 strongly suggest that each isoform plays a different role in early embryonic 
development. 
Comparative analysis of the distribution of bmp2a, bmp2b, bmp4 and bmp16 
expression in adult tissues (spatial expression) reveals that all isoforms were expressed in 
both soft and calcified tissues. The highest levels were found in calcified tissues, scale being 
particularly rich in bmp2b, bmp4 and bmp16 transcripts and gills (including branchial arches) 











Figure 4.2.8. Relative gene expression of 
zebrafish bone morphogenetic proteins 2a, 2b, 
4 and 16 genes in adult zebrafish tissues. 
Transcript levels were determined by qPCR 
from at least three technical replicates and 
normalized using housekeeping rps18 gene. 
Expression levels in skin (bmp2a), heart 
(bmp2b and bmp16), and vertebra (bmp4) were 
used as references and set to 1. The type of 
tissue is indicated on top of the figure. 
 
High and intermediate levels of expression were also observed in specific soft tissues: 
intestines and brain for bmp2a and bmp2b, spleen for bmp4 and bmp16, and testis for bmp16. 
Eye tissue, which is a mix of soft and calcified (e.g. sclerotic cartilage) tissues, was also 



















determined. Spatial expression of bmp2a, bmp2b, bmp4 and bmp16 strongly suggests that 
each isoform plays a different role in organ and tissue homeostasis, with a central role in 
calcified tissues, and particularly in scales. 
 
4.2.4.6 Retinoic acid negatively regulates the expression of zebrafish 
bmp2a, bmp2b, bmp4 and bmp16 
Expression of all bmp genes was negatively regulated upon atRA treatment, although to 
different extents (Fig. 4.2.9). The two bmp2 genes suffered the highest inhibition, bmp2a 
being most affected (5.8 folds), while expression of other bmp genes was down-regulated to a 
lesser extent. Bmp4 was only slightly down-regulated (1.6 folds), suggesting that although 




Fig. 9 Relative expression of bmp2a, bmp2b, bmp4 
and bmp16 in zebrafish ZFB1 cells upon exposure to 
1 μM of all-trans retinoic acid during 24 h. Transcript 
levels were determined by qPCR from at least three 
technical replicates, normalized using housekeeping 
β-actin2 gene and presented as fold change over 
control (cells treated with DMSO, vehicle for retinoic 
acid). Numbers inside the bars indicate fold changes 
over control. The different letters indicate values 
significantly different from each other (one-way 
ANOVA followed by Tukey’s post-test; P<0.05). 
 
4.2.5 Discussion 
Taxonomic and phylogenetic data revealed the complex evolution of BMP2/4/16 
family, where members are derived from an ancestral BMP2/4/16 isoform through gene 
duplication events that occurred during vertebrate evolution and were subsequently 
independently lost in specific animal lineages. Fig. 4.2.10 illustrates this complex 
evolutionary relationship and according to the molecular phylogeny presented here, the origin 
of BMP16 would precede the appearance of BMP2 and BMP4 in Chondrichthyes and of 
BMP2/4 in lamprey. Given the phylogenetic relationships of taxa possessing BMP16, and 
taking into account the two WGD events that are known to have occurred early in vertebrate 




















Escriva et al., 2002; Panopoulou and Poustka, 2005), the most parsimonious explanation for 
the origin of BMP16 is that the gene is the product of the first WGD event that occurred in a 
chordate ancestor prior to the branching of the jawless fish. Our proposal contradicts the 
recent report by Feiner et al. (Feiner et al., 2009), but is congruent with the proposal that the 
three lamprey BMP2/4 genes are the result of lineage specific duplications after the 
divergence of agnathans and gnathostomes (McCauley and Bronner-Fraser, 2004). From an 
ancestral BMP2/4/16 isoform the first WGD event produced both the BMP16 and the 
BMP2/4 isoforms, the latter of which, after the second WGD event, gave rise to BMP2 and 




Figure 4.2.10. Schematic representation of a possible evolutionary model for members of the 
BMP2/4/16 subfamily. Members of this subfamily are products of the same ancestor BMP2/4/16 gene 
that, after the two whole genome duplication events, that affected vertebrates, originated BMP2, 
BMP4 and BMP16 genes. Ostariophysi-specific BMP2a isoform resulted from the teleost fish specific 
whole genomic duplication event and would have been lost in the lineage leading to modern teleosts 
(Neoteleostei). Absence of BMP16 in some vertebrate taxa is explained by lineage-specific gene loss. 
 
The presence of BMP16 in two lepidosaurian species (the green anole and the Burmese 
python) and its absence in other tetrapods was unexpected. If not present in these two species, 
BMP16 could have been lost early in the tetrapod lineage after branching from the lobe-



















specific losses of the gene (Fig. 4.2.10). Similarly to what happens for BMP16, parallel 
lineage-specific gene losses have been reported for other genes that were present at the base 
of the vertebrate lineage and have been lost in selected taxa throughout evolution (Yang, 
2013; Pasquier et al., 2014; Castro et al., 2012; Davit-Béal et al., 2009). Gene retention is 
often associated with adaptive advantages (Cuypers and Hogeweg, 2014; van Hoek and 
Hogeweg, 2009) and the maintenance of BMP16 in Lepidousaria genomes is most likely due 
to a selective advantage related to specific traits (e.g. locomotion, reproduction, feeding, 
adaptation to a particular environment) that the gene confers (see below for our hypothesis of 
the adaptive advantage promoted by BMP16). Although the absence of BMP16 in agnathans 
and cartilaginous fish could also be related to gene loss events, we believe that limited 
amount of genomic and transcriptomic information for these taxonomic groups are probably 
the cause for this absence. 
The presence of two BMP2 isoforms (BMP2a and BMP2b) in Ostariophysi could be 
related to a gene duplication event that occurred in an ancestor soon after branching from 
Neoteleostei or to the third, fish-specific, WGD that affected Teleostei (Santini et al., 2009; 
Gates et al., 1999; Taylor et al., 2003; Taylor et al., 2001; Sato and Nishida, 2010). If teleost-
specific WGD is at the origin of the second BMP2 isoform in Ostariophysi, its absence in 
Neoteleostei probably occurred through gene loss and is possibly related to an eventual 
functional redundancy. Future studies should aim at understanding why a second isoform was 
maintained in this specific taxonomic group and whether it evolved a new function. 
The low conservation of the genomic region neighboring BMP16 locus in zebrafish 
was somehow a bit surprising given the high conservation observed among other teleost fish. 
Interestingly, a high number of transposable elements have been detected in zebrafish 
genome and we propose that divergent genomic structure around BMP16 genes could be 
related to a higher frequency of interchromosomal gene exchange (Howe et al., 2013; Jaillon 
et al., 2004). 
BMPs form the largest group of growth factors in TGFβ superfamily and its division 
into subfamilies was based on sequence identity (Kingsley, 1994). Conservation of gene 
structure between members of the BMP2/4/16 subfamily is particularly evident in the coding 
regions and high similarity of the mature peptide has been reported previously (Marques et 
al., 2014; Gates et al., 1999). However, non-coding regions, which are known to have 
important roles in gene transcriptional and post-transcriptional regulation (Barrett et al., 
2013), were found to be substantially different in zebrafish bmp2a, bmp2b, bmp4 and bmp16, 



















BMP2-/- or BMP4-/- mice demonstrated that both genes are essential and cannot compensate 
for the deficient function of each other (Zhang and Bradley, 1996; Winnier et al., 1995). It 
suggest that spatial-temporal patterns of BMP2 and BMP4 gene expression are not 
overlapping and that both genes are probably submitted to distinct regulatory mechanisms 
and be involved in separate physiological roles. This hypothesis was confirmed by expression 
data presented in this study but also by the high sequence divergence of BMP2 and BMP4 
promoter and untranslated regions (Fritz et al., 2006; Helvering et al., 2000; Feng et al., 
1994). 
On the contrary, protein sequences were remarkably conserved and exhibited an almost 
identical 3D structure, where most residues involved in interface contact, including the BMP 
receptor binding hotspots, Leu51 and Asp53 (Keller et al., 2004), were conserved. Leu51 is 
maintained unvariable in several members of BMPs and growth differentiation factors 
(GDFs), all of which interact with BMPR1A, indicating that the hydrogen bond formed 
between this residue and the receptor is important for ligand-receptor interaction (Keller et 
al., 2004). Similarly, Leu51 and Asp53 residues in BMP7 were shown to have extensive 
contact with noggin, a known BMP antagonist, suggesting that these residues work as a 
general recognition motif in BMP ligands, although they are not always the main 
determinants (Keller et al., 2004). These data suggest that BMP2/4/16 subfamily members 
may be involved in similar and/or complementary processes and act through the same 
signaling pathways, as proposed by Feiner and co-workers (Feiner et al., 2009). The main 
differences between BMP2/4/16 family members would probably not be associated to its 
structure and ability to trigger BMP signaling but most likely related to differential regulation 
and different patterns of expression. 
Bmp2a, Bmp2b, Bmp4 and Bmp16 were all capable of activating the BMP signaling 
pathway, although to different extents. Even though we cannot exclude the possibility that the 
differential activation of BMP signaling pathway may result from the transfection of variable 
amounts of DNA into the host cells or from uneven capacity of the cells to produce and/or 
process the different proteins, we suggest that it is a consequence of distinct receptor 
affinities as already proposed for other BMPs (Upton et al., 2008). Binding assays aiming at 
evaluating ligand-receptor affinity will need to be performed in the future to address this 
question. 
Although they exhibited different levels of gene expression, zebrafish bmp2a and 
bmp2b showed comparable expression patterns in adult tissues, while different during early 



















detected in a small subset of bmp2b expression domains fact that is consistent with a possible 
subfunctionalization that genes may have experienced after the duplication (Wise and Stock, 
2006). Developmental expression of BMP4 is reported to be an important signal for organ 
morphogenesis in several vertebrates (Chin et al., 1997; Jones et al., 1991; Fainsod et al., 
1994; Bellusci et al., 1996). Bmp4 is also expressed throughout zebrafish development and 
similarly to bmp2 it is described to act as a ventralizing agent, during mesoderm and neural 
plate formation (Wilson and Hemmati-Brivanlou, 1995), a role that is maintained by their 
invertebrate orthologs (Hwang et al., 2003), suggesting a functional conservation of members 
of the subfamily throughout evolution. 
While bmp2a, bmp2b and bmp4 were all expressed at later stages, bmp16 expression 
was detected as soon as 1 hpf (4-cells), in zebrafish, and 2 hpf, in Senegalese sole (Marques 
et al., 2014), suggesting a possible maternal inheritance of the transcript and an important 
role in the early stages of embryonic development. Analysis of sites of bmp16 expression 
revealed that until 5 dpf transcripts were mainly detected in the developing heart, gut 
epithelium and swim bladder (Feiner et al., 2009). In Senegalese sole, expression of BMP16 
remained very low until 5 dpf, exhibiting an increase during the metamorphosis phase 
(Marques et al., 2014), which may indicate a particular role of BMP16 in this process.Tissue 
distribution of bmp2a, bmp2b, bmp4 and bmp16 indicate high expression levels for all these 
isoforms in calcified tissues, supporting the well documented role of bmp2 and bmp4 in bone 
metabolism (see for example (Nishimura et al., 2012)), and suggesting a contribution from 
bmp16 in this process. For most of the isoforms (except bmp2a), highest expression levels 
were observed in scales, in agreement with the reported role of BMP signaling in the 
formation and regeneration of fish and Squamata scales (Zou and Niswander, 1996; Harris et 
al., 2002). High expression in scales, together with the observation that BMP16 is only 
present in organisms exhibiting scales on their body (i.e. ray-finned fish, lobe-finned fish, 
lizards and snakes), indicate that BMP16 may play an important role in scale formation and 
maintenance. Among other tissues with high bmp2, 4 and 16 expression are the branchial 
arches, known to be important for processes such as osmoregulation and respiration, where 
BMP signaling is reported to be involved (Kültz, 2012). Bmp16 expression in this tissue may 
also suggest a role in cartilage formation and mineralization as already described for BMP2 
and BMP4 (Alexander et al., 2011). The relatively high levels of bmp2, bmp4 and bmp16 
expression observed in the eye, which contain a mixture of soft and calcified tissues, may be 
related to the presence of sclerotic cartilage, in agreement with previous reports for other 



















dorsoventral patterning, BMPs are described as being involved in several other processes 
(Hogan, 1996). Important roles of BMP2 in the central and, particularly, in the enteric 
nervous system formation are well documented (Chalazonitis and Kessler, 2012; Sato et al., 
2010; Sailer et al., 2005). The high levels of bmp2a and bmp2b in brain and intestine samples 
further support this interpretation. Moderate levels of expression are also found in spleen 
(bmp4 and bmp16) and in testis (bmp16), and BMP4 has been described as one of the signals 
required for the expansion of stress erythroid progenitors, in murine spleen (Perry et al., 
2007), and its expression has also reported in the gonads of several vertebrate species 
(Shimasaki et al., 2004; Li and Ge, 2011). 
Exposure of ZFB1 cells to RA demonstrated a negative regulation of zebrafish bmp2a, 
bmp2b, bmp4 and bmp16 expression. RA is a morphogen involved in several developmental 
processes and in skeletal formation (Thompson et al., 2003). Interaction of RA with the BMP 
signaling as well as the capacity to regulate BMPs expression has been reported, however 
opposing effects were observed. Expression of BMP2 was stimulated in HSG-S8 cells, a 
human adenocarcinoma cell line (Hatakeyama et al., 1996), and we have shown that RA up-
regulates the expression of BMP2, BMP4 and BMP16 in Senegalese sole cells (Marques et 
al., 2014). On the other hand, RA was described as down-regulating the expression of BMP7 
in rats with cleft palate (Guo et al., 2008), and expression of BMP2 and BMP4 was also 
observed to decrease in MG63 cells after RA treatment (Virdi et al., 1998). Contradictory 
results for the RA regulation of BMP genes suggest a context-dependent effect of the 
morphogen and is most likely related to the presence/absence of co-regulators (Simandi and 
Nagy, 2011; Waxman and Yelon, 2011; Grimsrud et al., 1998).  
In conclusion, we have shown that BMP16 is not restricted to the teleost fish lineage 
but is largely absent from tetrapod genomes. Phylogenetically, BMP16 diverged in early 
vertebrates from an ancestral BMP2/4/16. All family members have a protein structure 
remarkably similar and are capable of activating the BMP signaling pathway. They would 
therefore perform the same function.. Differences among BMP2/4/16 family members are 
found in the spatial-temporal expression of the genes. They would therefore be submitted to 
different regulation and participate in distinct physiological processes during early embryonic 
development and in adult tissues, scales being the tissue expressing the highest levels of 
bmp2b, bmp4 and bmp16 expression. The presence of BMP16 in lepidosaurians, while it is 
absent in other tetrapods, remains to be elucidated although a role in scale formation and 
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CHAPTER 5. GENERAL CONCLUSIONS AND FUTURE 
PERSPECTIVES 
 
We have collected, within the scope of the work presented here, novel evidences on 
mechanisms regulating BMP2 gene expression but also data on BMP2 gene evolution and 
protein structure through comparative analysis with the other members of the BMP2/4/16 
subfamily. This new data has been almost entirely collected using fish tools, e.g. gene, 
transcript and protein sequences, mineralogenic cell lines, RNA samples from developmental 
stages and adult tissues, transcription factor expressing vectors and microRNA. It is worth to 
note that tools developed for mammalian systems (e.g. BRE-Luc vector carrying mammalian 
BMP responsive elements, pcDNA3/pCMX vectors driving gene expression through the 
human CMV promoter and HEK293 cell line as an host for fish sequence-based vectors) 
were functional in fish systems or when used with fish tools, supporting previous data 
showing a conservation of cellular machinery and regulatory mechanisms, in particular those 
related to bone morphogenetic proteins (e.g. receptors, pathway intermediates, TF responsive 
elements), between mammals and fish. Because BMP2 gene and protein structures are also 
very much similar between species in taxa separated by hundreds of million years of 
evolution, we believe that insights provided here from data collected in fish systems should 
be valid in mammals, although this remains to be confirmed. 
Regulation of gilthead seabream BMP2 gene expression was first addressed at 
transcriptional level through the analysis of the corresponding gene 5’ flanking region, which 
supposedly contains the promoter and cis-regulatory elements. Simple and extremely well 
conserved throughout evolution, the structure of BMP2 gene includes a distinctive feature – a 
5’ non-coding exon – that may be important for transcriptional regulation. Such feature has 
been associated, in other genes, with the presence of enhancer/repressor of the promoter 
activity in the intronic sequence following the non-coding exon or with alternative promoter 
usage (Mikio, 2000; Conceição et al., 2008). Additional exon could also be associated with 
the presence, in the 5’UTR of BMP2 transcripts, of elements necessary to the stability of the 
messenger RNA. While no alternative BMP2 transcripts have been observed in vertebrate 
transcriptomes (surveyed for the past 5 years) to evidence a possible alternative promoter 
usage, we observed a down-regulation of BMP2 promoter activity by intron I suggesting that 
it may function as a silencer of BMP2 transcription. This hypothesis should be further 

























potential regulatory elements present in intron I. Binding elements of several transcription 
factors involved in bone and cartilage metabolism, i.e. RUNX, MEF2, SOX9 and ETS1, were 
identified in the promoter region of gilthead seabream BMP2 gene and some of these 
elements were shown to be functional. RUNX3 was identified as a negative regulator of 
seabream BMP2 transcription and CBFß, a co-factor of RUNX family members, enhanced 
this effect. MEF2C also down-regulated the transcriptional activity of BMP2 promoter in a 
SOX9-dependent manner. Future studies should aim at localizing precisely active binding 
elements for RUNX3 and MEF2C, e.g. through site-directed mutagenesis, and further 
characterize the cooperative effect of CBFß and SOX9, e.g. through electrophoretic mobility 
shift assay (EMSA) and/or chromatin immunoprecipitation (ChIP). ETS1 was identified as a 
mild enhancer of seabream BMP2 transcription and although RUNX factors are known to 
cooperate with ETS1 through the formation of heterodimers, RUNX3 failed to enhance the 
up-regulatory effect of ETS1. Future work should evaluate the effect of other members of the 
RUNX family, in particular RUNX2, but should also aim at identifying other factors that 
could cooperate with ETS1. In silico analysis of gilthead seabream BMP2 promoter revealed 
the presence of several binding elements for retinoic acid receptor (RAR) and based on in 
vitro data presented here and demonstrating an effect of retinoic acid on BMP2 gene 
expression, we propose to further test the possibility of retinoic acid being a transcriptional 
regulator of BMP2. 
Regulation of gilthead seabream BMP2 gene expression was also addressed at a post-
transcriptional level, through the analysis of transcript 3’UTR, which normally contains 
binding sites for microRNAs. A conserved binding site for miR-20a was identified and its 
functionality as a negative regulator of BMP2 transcript, and therefore BMP signaling 
pathway, was confirmed. Interestingly, mammalian type II BMP receptor was also reported 
to be under the control of miR-20a and future work should aim at determining whether fish 
ortholog of BMPR2 is also targeted by miR20a but also at evaluating whether other 
intermediates of BMP signaling would be regulated similarly. Whether BMP2 transcript is 
under the control of other miRNAs (for example heart- and brain-specific miRNAs 
considering the central role of BMP2 during the development of the cardiovascular system 
and neurogenesis) should also be evaluated to get valuable insights into mechanisms of 
BMP2 post-transcriptional regulation. 
The interaction between BMP2 and MGP was evaluated through the use of BMP 
responsive elements driving the expression of luciferase reporter gene. Although we could 

























pathway and subsequent increase in luciferase activity by gilthead seabream BMP2, it has not 
been possible to collect conclusive evidences toward the effective interaction of BMP2 and 
MGP, possibly due to the poor capacity of our cell system to correctly γ-carboxylate 
overproduced MGP. To identify the probable cause of this failure, we propose to first 
investigate the levels of MGP carboxylation through the use of specific staining (e.g. 4-
diazobenzene sulfonic acid, DBS) or Gla-specific antibodies. If MGP is shown to be 
under/un-carboxylated, we propose to increase the carboxylation capacity of our cell system 
(e.g. using an expression vector carrying the cDNA for seabream γ-glutamyl carboxylase or 
by supplementing cell culture medium with vitamin K, if this co-factor of reveals to be a 
limitation) or use an alternative cell system with a higher carboxylation capacity (e.g. liver 
cells). In order to reduce the overload of the system and the consequent fitness of the cells, 
because of the high amounts of DNA used in the transfections, the use of purified proteins 
would also be a suitable alternative. Some work has been initiated to produce large amounts 
of seabream BMP2 (with a C-terminal polyhistidine tag) in Escherichia coli and then purify 
it through a nickel affinity resin. Production of MGP is however much more complex and 
chemical synthesis may represent the method of choice since Gla residues can be added 
during the synthesis. The use of more direct methods based on reconstituted enzymes 
activity, such as the protein-fragment complementation assay (PCA) could represent a valid 
alternative to the BRE-Luc system in order to characterize the interaction of BMP2 and MGP 
and some work has also been initiated to fuse seabream BMP2 (bait) and MGP (prey) to each 
half of the Gaussia luciferase. 
Finally, a comparative analysis of the founding members of the BMP2/4/16 subfamily 
was conducted at various levels. By analyzing the taxonomic distribution of BMP2, BMP4 
and BMP16 in several vertebrate taxa, we evidenced for the first time the presence of BMP16 
protein in tetrapods (in Squamata or scaled reptiles) and therefore could refute the previously 
published idea that it was teleost specific (Feiner et al., 2009). A phylogenetic analysis 
revealed that BMP16 diverged prior to BMP2 and BMP4 (which were shown to be more 
closely related) and suggested that its origin dates back to an ancient genome duplication 
(possibly 1R) that occurred early in the vertebrate lineage from a common BMP2/4/16 
ancestral gene. Although it remains speculative and would require more genomic data, in 
particular from species representing early vertebrates, origin of BMP2 and BMP4 could be 
the result of the 2R whole genome duplication event, which presumably occurred after the 
split between jawless and jawed vertebrates. The absence of BMP16 in most tetrapods may 

























BMP16 gene in the genome of Squamata remains to be explained but it could be related to 
some adaptive advantage conferred by protein function, for example the presence of scales in 
all organisms that retained BMP16 gene in their genome. While this hypothesis is supported 
by expression data showing high levels of BMP16 transcript in zebrafish scales, more 
conclusive evidence e.g. sites of BMP16 gene expression in fish and lizards through in situ 
hybridization or locals of protein accumulation by immunohistochemistry, is needed. A 
zebrafish mutant line lacking the expression of BMP16 gene (not yet available) would be a 
valuable tool to investigate the possible role of this protein in scale formation and/or 
maintenance or, alternatively, to determine what is the role of BMP16 in fish. The striking 
conservation of BMP2, 4 and 16 protein structures contrasts with the large differences 
observed in gene expression patterns. Overall protein structure and residues involved in 
receptor binding have been remarkably conserved among zebrafish BMP2, BMP4 and 
BMP16, suggesting that all three proteins could function as effectors of BMP signaling as 
confirmed by luciferase reporter assays. The difference between BMP2, BMP4 and BMP16 
could be related to differential gene expression during development and in adult tissues, 
where stage- and tissue-specific expression of each gene was observed both in Senegalese 
sole and zebrafish.  
Mechanisms of differential regulation of gene expression remain to be determined but 
are apparently not related to retinoic acid since expression of BMP2, BMP4 and BMP16 gene 
were similarly affected upon exposure of mineralogenic fish cell lines to this morphogen. The 
comparative in silico analysis of zebrafish BMP2, BMP4 and BMP16 promoter regions and 
transcript 3’UTR will certainly allow the identification of cis-regulatory elements and 
microRNA binding sites specific to each of the three genes/transcripts and this would 
represent a first step toward the identification of gene-specific regulatory mechanisms.  
Although much remains to be done, novel and valuable data have been collected within 
the scope of this work towards a better understanding of BMP2 function and regulation but 
also towards the evolutionary relationship between BMP2, BMP4 and BMP16. Ultimately 
this work contributed to further validate the use of fish as an alternative to mammalian 
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] APPENDIX 1 
Supplementary figure 4.2.1. Complete coding sequences (collected or reconstructed) for bone 
morphogenetic protein (BMP) and decapentaplegic protein (DPP) used to construct the phylogenetic 
tree presented in Fig. 2. Dme, Drosophila melanogaster; Cin, Ciona intestinalis; Bfl, Branchiostoma 
floridae; Pma, Petromyzon marinus; Cmi, Callorhinchus milii; Ler, Leucoraja erinacea; Loc, 
Lepisosteus oculatus; Dre, Danio rerio; Ipu, Ictalurus punctatus; Ame, Astyanax mexicanus; Gac, 
Gasterosteus aculeatus; Oni, Oreochromis niloticus; Ola, Oryzias latipes; Ssa, Salmo salar; Tni, 
Tetraodon nigroviridis; Xma, Xiphophorus maculatus; Lch, Latimeria chalumnae; Amex, Ambystoma 
mexicanum; Eco, Eleutherodactylus coqui; Eco, Xenopus tropicalis; Aca, Anolis carolinensis; Gga, 
Gallus gallus; Cpb, Chrysemys picta bellii; Hsa, Homo sapiens; Mmu, Mus musculus. 
 





















































































































































>CmiBMP4 (Elephant shark; Accession numbers AAVX01576064, AAVX01001906, 
AAVX01310926, 1572727321, 1573959575, 1574162849, 1573921934, 1572917552, 


































>LerBMP4 (Little skate; Accession numbers AESE010060999, EE992056, GD242603, 













































































>DreBMP2a (Zebrafish; Accession numbers NC_007128, CABZ01062106 
CAAK05040443, NM_131359, BC163036, BC163048, EH593053, EH610560, CT616046, 

























] >DreBMP2b (Zebrafish, Accession numbers NC_007131, CABZ01042685, NM_131360, 
BC114256, BC076076, D49971, DRU82232, EV759768, EV756104, CT619514, DR722644, 
CK400445, DR719530, CV481651, CV481676, CA588097, DV586788, CK692216, AI959065, 
BI889767, CK696508, EB853879, EB852282, BI889738, CT619515, FP160298, FP160299, EB835261, 

















>DreBMP4 (Zebrafish; Accession numbers NM_131342, D49972, DRU82231, DRU90122, 
DU730983, CT674533, CT619393, EB983652, CT599423, BI892288, BI886011, CK683872, 

















>DreBMP16 (Zebrafish; Accession numbers NM_001171776, FN400947, CABZ01023011, 




































































































































































































































>OlaBMP2 (Japanese medaka; Accession numbers BAAF04048581, DQ915174, AM340447, 


















>OlaBMP4 (Japanese medaka; Accession numbers DK004345, AM140778, AM139646, 
DC268248, AM299276, AM339195, DQ915175, DK197479, BJ014414, DC244878, DC276748, 


























>OlaBMP16 (Japanese medaka; Accession numbers BAAE01034973, BAAF04019993, 




















>SsaBMP2 (Atlantic salmon; Accession numbers BT059611, CA061573, GE795400, 


















>SsaBMP4a (Atlantic salmon; Accession numbers NM_001139844 DY702674, CX355133, 



































































































































































































































































































































>AcaBMP2 (Green anole; Accession numbers XM_003215309 , EU402671, FG668269, 

























































>GgaBMP2 (Chicken; Accession numbers NM_204358, X75914, BU137064, BU114214, 

















>GgaBMP4 (Chicken; Accession numbers NM_205237, AC172371, BM426811, BU473912, 



















































































































































] Supplementary figure 4.2.2. Phylogenetic analyses of 58 BMP gene sequences. (A) RAxML 7.8.4-MPI ML 
optimal tree search GTR+Γ+Fest 400 replicates. Likelihood: −lnL = 17343.6220; (B) RAxML 7.8.4-MPI ML 
bootstrap GTR+Γ+Fest 400 replicates; (C) MrBayes MCMC GTR+Γ+I marginal likelihood: −lnLh = 
17419.5992. 2 chains, 5,000,000 generations, 10,000 samples, 2,000 burnin each chain; (D) P4 MCMC 
GTR+Γ+I marginal likelihood: −lnLh = 17430.2044. 2 chains, 1,000,000 generations, 5,000 samples, 200 
burnin each chain. Posterior predictive simulations of χ2 statistic of composition homogeneity: original statistic 
= 469.8018, the distribution goes from 43.1524 to 142.2298, the tail-area probability = 0.0000; (E) P4 MCMC 
GTR+Γ+I+CV2 Marginal likelihood: −lnLh = 17045.6169. 2 chains, generations, samples, burnin each chain. 
Posterior predictive simulations of χ2 statistic of composition homogeneity: original statistic = 469.8018, the 
distribution goes from 248.3454 to 772.3124, the tail-area probability = 0.4613; (F) CodonPhyML 
GY+ω+κ+Fest non- synonymous/synonymous ω parameter value of 1.0 fixed for all sites. Likelihood: −lnL = 




























































] Supplementary Table 4.2.1. Z-DOPE and QMEAN scores for the zebrafish BMP2, BMP4, BMP16 protein 
models. 
 
Model Z-DOPE score1 QMEAN score2 
BMP2a -0.659 0.669 (-0.96) 
BMP2b -0.746 0.623 (-1.42) 
BMP4 -0.710 0.621 (-1.44) 
BMP16 -0.260  0.646 (-1.21) 
 
1 – The Z-DOPE score (Benkert et al., 2008) should be negative for acceptable quality models, and <-1 is usually seen for 
native structures 
2 – The QMEAN score (Shen and Sali, 2006) ranges from 0 (worst) to 1 (best). Values in parenthesis are Z-scores based on 





Benkert P, Tosatto SCE, Schomburg D (2008). QMEAN: A comprehensive scoring function for model quality assessment 
Proteins: Structure, Function, and Bioinformatics. 71:261-277. 
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